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Abstract—We introduce adaptive coding and modulation (ACM)
to direct-detection passive optical networks (PONs) operating be-
yond 10 Gb/s per wavelength to allow each user to transmit at the
highest possible bit rate and improve network reliability. Current
fixed-rate PONs must allocate significant power margin to ensure
reliable long-term operation over channels that vary over time and
between users. Introducing adaptive-rate transceivers with ACM
is a promising low-cost solution to increasing the overall capacity
of optical access networks. The proposed ACM scheme uses two-,
three-, or four-level pulse-amplitude modulation (2-, 3-, or 4-PAM)
at a fixed symbol rate with direct detection and low-density parity
check (LDPC) codes derived from a mother code by shortening and
puncturing, decoded using fixed-initialization normalized min-sum
decoding. The scheme supports received optical powers spanning
a 10-dB range at bit rates of 20–54 Gb/s. In a PON with 64
users transmitting at a symbol rate of 30 Gbaud and a maximum
transmission distance of 25 km, the ACM scheme demonstrates
more than 3 dB improvement in overall optical power budget. For
a fixed margin, ACM can increase throughput up to 60% compared
to fixed-rate transmission, from 25 Gb/s to 39.7 Gb/s, or from 37.5
Gb/s to over 50 Gb/s, depending on the received optical power.

Index Terms—Adaptive coding and modulation, direct detection,
information rates, optical fiber communication, time division
multiaccess.

I. INTRODUCTION

INTERNET traffic growth has brought optical fiber ever
closer to the end user. Fiber is the dominant access medium

in Korea, Japan, and several countries in Europe, and its share
throughout the world is growing [1]. Although access network
optical links have much lower bit rates than their data center or
long-haul counterparts, the asymmetric, point-to-many structure
of access networks that have one optical line terminal (OLT)
in communication with many optical networking units (ONUs)
leads to many challenges unique to access. Cost and reliability
considerations constrain fiber access networks to use passive
optical distribution networks, direct detection, and inexpensive
components. Innovative architectures can scale out passive op-
tical networks (PONs) to support many users over a long reach
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(e.g., 768 users over 50 km at 2.5 Gb/s [2]). However, scaling
to bit rates above 10 Gb/s is difficult, because of optical power
budget constraints and distortion from fiber chromatic dispersion
(CD) and bandwidth limitations in optoelectronic and electronic
components.

Supporting higher bit rates in PONs will likely require im-
proving power budgets by using advanced optoelectronic com-
ponents, such as state-of-the art avalanche photodiodes (APDs)
[3]. However, more advanced modulation and coding techniques
can also help support higher bit rates. Introducing adaptive
coding and modulation (ACM) into PONs can enable each
user to transmit and receive at the highest bit rate their link
can support reliably. When using ACM, most link degradations
caused by component aging or variations, optical connector
problems, or unexpected noise or interference, will cause grace-
ful degradation to a lower bit rate instead of a complete loss
of connection, allowing time for corrective action if needed.
In many situations, the user may not notice any impact. While
PONs are traditionally designed with several dB of optical power
loss margin to ensure reliable long-term operation, it will be
increasingly difficult and costly to follow this approach as PONs
scale beyond 10 Gb/s. Flexible PONs using ACM to complement
physical improvements, such as efficient optical distribution
network (ODN) designs and low-noise APDs, can be deployed
with lower margin, enabling scaling to more users and higher
bit rates.

Most other communication systems, as technology matures,
have made the transition to ACM. For example, wireless sys-
tems, with channels subject to large time-varying channel fluc-
tuations, widely use ACM [4]. The high-level benefit of variable-
rate transceivers in long-haul optical systems is investigated in
[5], and ACM in other types of optical communication channels
have been studied [6]. A theoretical study of coded phase-shift
keying for a coherent system with different detection schemes
was performed in [7]. Deployed long-haul optical fiber systems
now use ACM, and may perform optimization of modulation,
coding and launched power among many wavelength-division
multiplexed (WDM) channels [8]. Most previous studies of rate
adaptation in PONs focus on decreasing energy consumption
[9], [10]. The possibility of using multiple modulation formats
with fixed forward error correction (FEC) for higher throughput
in PONs has been explored [11], [12]. Other rate adaptation
methods in PONs, such as adaptive bit loading with OFDM [10],
[13] or use of variable symbol rates [14], have been studied as
well. This paper investigates the benefits of an adaptive coding
and modulation scheme that can be applied to existing PON
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Fig. 1. Block diagram of PON with ACM showing (a) functional blocks and (b) mathematical model of the optical channel from the electrical waveform V(t) at
the output of the M-PAM mapper to the final decoded symbols y[k]. Dashed blocks denote optional blocks for transmitter-based equalization. In (b), Hmod (f),
Hfiber(f), and HAPD(f) are the frequency response of the DAC and MZM, fiber CD, and APD respectively. ftx is the transmitter-based pre-equalization
function that applies interleaved instantaneous nonlinear operations and frequency domain transformations, and if no pre-equalization is applied it simply adjusts
the PAM levels to invert the MZM nonlinearity. fmod NL is the instantaneous nonlinearity applied by the modulator. Hrec(f) is the frequency response of the
antialiasing filter.

architectures with minimal changes, expanding on the ACM
scheme proposed in [15]. The system employs variable-order
multilevel pulse amplitude modulation (PAM) and variable-rate
FEC codes, a combination attractive for its high performance
and low complexity. It requires only one wavelength but is
also compatible with wavelength-division-multiplexed systems.
Our system has a fixed symbol rate and employs three mod-
ulation formats; 2-, 3-, and 4-PAM; as well as variable FEC
overhead that is adjusted via puncturing and shortening of a
low-density parity-check (LCPC) code. As analog-to-digital
converters (ADCs) are typically not used in PONs, in place
of log-likelihood soft inputs, the LDPC decoder uses fixed
initialization for compatibility with soft-decoding algorithms
[16], [17]. In addition to demonstrating the advantages of this
ACM system, we compare different equalization techniques and
study tradeoffs between the number of rate steps and the benefits
obtained.

The remainder of this paper is organized as follows. In
Section II, we describe the transmission system design including
the system model used in analysis. In Section III, we detail
the mechanism for rate adaptation with ACM. In Section IV,
we present a probabilistic model for the optical power loss of
ONUs in a PON and highlight the benefits yielded by ACM as
determined through simulation.

II. TRANSMISSION SYSTEM

A general block diagram for the downlink in a rate-adaptive
PON using ACM is shown in Fig. 1a. The scheme shown has
controllers at the transmitter and receiver that regulate the FEC
rate and PAM modulation order to employ ACM. Fig. 2 shows
an example intensity waveform received in three consecutive
user time slots. Because of different link conditions, these three
users are receiving information at low, intermediate, and high
rates. The M-PAM signal is modulated with a Mach-Zehnder
modulator (MZM) and detected using an APD. Equalization
can be applied to decrease the effect of CD and bandwidth
limitations, and further improve the power budget, at higher

Fig. 2. Intensity waveforms during three consecutive user time slots using
variable-rate codes with 2-PAM, 3-PAM, and 4-PAM to achieve low, interme-
diate, and high bit rates.

deployment cost. To analyze the effect of system parameters,
we develop a baseband model for the channel starting at the
output of the M-PAM symbol mapper and ending at the decoded
symbol, shown in Fig. 1b.

A. Transmitter

At the transmitter, a stream of input bits is encoded using
a binary linear block code. Then, the coded bits are mapped
to M-PAM intensity levels. Some methods such as dual-rate
time-division multiple access (TDMA) in 10G Ethernet PON
(EPON) [18] vary the symbol rate to support more than one
rate, but to facilitate synchronization, we keep the symbol rate
the same for all users on a given downlink. A direct-detection
system is restricted to a signal constellation on the positive
real axis of the in-phase and quadrature plane, so we use
unipolar PAM of orders 2, 3, and 4, corresponding to 1, 1.5,
and 2 bits per symbol, respectively. 2-PAM is equivalent to
on-off keying (OOK). 2-PAM and 4-PAM use the basic linear
M-PAM signal constellation of Fig. 3b with M = 2 and M = 4
respectively. For these constellations, Gray coding can be used
to ensure that adjacent points differ by only one bit flip, so for
low symbol-error probability pe, the bit-error ratio (BER) is
pb ≈ 2(M − 1)/(M logM) · pe. Bit errors are independent, so
we can construct an analogous binary symmetric channel (BSC)
with transition probability pb to evaluate FEC performance with
a nonbinary PAM constellation.

For 3-PAM, we use the two-dimensional (2D) signal con-
stellation shown in Fig. 3a. The two dimensions correspond to
consecutive symbol intervals, with three signal levels in each
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Fig. 3. Signal constellations with dashed decision boundaries:
(a) probabilistically-shaped 2-dimensional (PS 2D) 3-PAM with bit labels and
symbol coordinates (b) linear M-PAM (c) example PS 2D 3-PAM waveform.

dimension and a total of nine possible points. To minimize
the average energy per symbol, simple probabilistic shaping
(PS) is applied, and the (2, 2) point is eliminated from the
signal constellation, leaving 8 points that encode 3 bits per
2D constellation point [19]. A sample waveform is shown in
Fig. 3c. The rate of this modulation format is 3 bits/2 sym-
bols = 1.5 bits/symbol. With this signal constellation, Gray
coding is not possible because there are three bits per signal
point, but the center point has four nearest neighbors, so the
constellation points are labelled to minimize the BER given
a fixed symbol-error probability. At high signal-to-noise ratio
(SNR) near the required BER of the system, errors between the
minimum-distance signal points dominate, and the relationship
between symbol-error probability and BER is approximately
Pb ≈ Pe. The PS 2D 3-PAM described above can also be inter-
preted as a primitive code C � {0, 1, 2}2\(2, 2) with rate Rc =
log 8/ log 9 = 0.95 that can detect an error if (2,2) is decoded at
the channel output. The PS 2D 3-PAM constellation has a 0.3 dB
optical power gain compared to linear 3-PAM, as shown in
Section IIC.

The system may use OLT-based pre-equalization to mitigate
distortion, which is attractive for minimizing ONU complexity.
By cascading instantaneous nonlinearities and linear distortions,
as well as clipping operations to keep the signal within the proper
domain, the transmitter-based pre-equalization function ftx ap-
plies an approximate inverse to the channel onto the transmitted
signal. Starting with the ideal sampled rectangular intensity
waveform, first preemphasis compensates for the limited APD
bandwidth by applying the inverse APD frequency response,
H−1

APD(f). Next, the signal is clipped to retain nonnegativity,
and a square-root operation reverses the APD direct detection.
Dispersion compensation is applied in the frequency domain
with H−1

fiber(f). After the signal is clipped to the output range
of the MZM, the modulator nonlinearity fmodNL is reversed,
and preemphasis to counteract bandwidth limitations of the
modulator is applied as a frequency domain filterH−1

MZM (f).
The complete pre-equalization function is

ftx (X(f))

= H−1
MZM (f)F

{
f−1
mod NL

(
F−1{H−1

APD(f)X(f)}1/2+

)}
,

(1)

where X(f) is the frequency domain signal, F and F−1 denote
Fourier transform and inverse Fourier transform, respectively,
and (·)+ denotes taking the nonnegative component.

In performing transmitter-based equalization, the nonneg-
ativity constraint of direct detection, limited output range
of the MZM, and limited digital-to-analog converter (DAC)
sampling rate prevent a perfect channel inverse transforma-
tion. Transmitter-based equalization also increases the peak-to-
average power ratio and the signal bandwidth. CD compensation
is dependent on transmission distance, so there will be some
performance penalty if a common pre-compensation across all
ONUs is desired. Two options are to compensate CD for either
the longest or average fiber distance. Because the longest link
incurs the most fiber attenuation, we choose to compensate for
the longest link. CD has a complex-valued transfer function,
so for increased compensation capability two MZMs modulate
both the in-phase and quadrature components of the transmitted
signal. A pre-equalization filter with real taps can be substituted
if a single MZM is desired [20]. When pre-equalization is not
employed, to relax constraints on the DAC, we use a rectangular
pulse shape and adjust the transmitted levels of the M-PAM
symbols to achieve the desired PAM level spacing after MZM
nonlinearity and direct detection.

The pre-equalized signal is low-pass filtered by a DAC. To
avoid the chirp induced by directly modulating a laser, we elect
to use a MZM to externally modulate the optical signal, which
further low-pass filters the signal, then adds a nonlinearity with
sinusoidal transfer characteristic. The low-pass filtering of the
DAC and MZM are combined into Hmod(f).

B. Receiver

After the modulated signal is distributed to all ONUs through
the 1:N passive optical splitter, propagating through a single
mode fiber (SMF) and undergoing CD described byHfiber(f), it
is detected with an APD that uses square-law detection to convert
optical power into electrical current. Impact ionization creates a
random number of secondary carriers for each absorbed photon,
providing gain at the expense of increasing the fluctuations due
to shot noise. When the received optical power is high enough
to ignore the effect of discrete photon arrivals, shot noise can be
approximated as a white Gaussian noise with one-sided power
spectral density (PSD)

Ss = 2qG2FA (G) (RPrec + Id) , (2)

where q is the charge of an electron, G is the APD gain, R is
the APD responsivity, Prec the instantaneous received optical
power, Id is the APD dark current, and FA is the APD excess
noise factor given by FA(G) = kAG+ (1 − kA)(2 − 1/G),
where kA is the impact ionization factor [21]. The genera-
tion of secondary carriers filters the signal with an exponen-
tial decay impulse response corresponding to a frequency re-
sponse HAPD(f), limiting the APD bandwidth, and the tran-
simpedance amplifier following the APD adds thermal noise,
which is modeled as a white Gaussian noise with one-sided
PSDN0. The Gaussian approximation becomes inaccurate when
the APD is in the avalanche buildup time-limited regime, but
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for a coded system operating at high BER, the APD gains are
low enough to avoid avalanche buildup. When the APD gain is
optimized for receiver sensitivity, shot noise and thermal noise
are roughly balanced so neither dominates over the other and
both must be accounted for.

After conversion into the electrical domain, an analog LPF
with frequency response Hrec(f) limits the thermal noise band-
width. During clock and data recovery (CDR), hard decisions
are performed on the received symbols, and the signal is mapped
back to bits. Finally, the FEC decoder, using initialized values
dependent on the demodulated bits as input, corrects errors
introduced during transmission to recover the original bits.

C. Optimizing PAM Levels and APD Gain

We consider signal designs that can improve multilevel PAM
performance at low cost. A common solution to keeping the same
PR30 power budget [18], while increasing rates from 10 Gb/s to
25 or 50 Gb/s, is to use APDs for improved receiver sensitivity
compared to PIN photodetectors. However, this improvement
comes at a cost of increasing the variance of the signal-dependent
shot noise quantified by (2). Optimizing the level spacing to
account for signal-dependent noise from APDs has been shown
to improve optical power efficiency by over 2 dB in data center
links [22].

When the noise variance is dependent on the signal level,
the optimal decision moves towards the levels with smaller
noise variances [21]. For more than two levels, adjusting the
spacing between levels to distribute errors across all decision
boundaries can also improve receiver sensitivity. Following the
level optimization procedure outlined in [22], we set the M-PAM
levels to equalize the probability of an incorrect decision at each
decision boundary.

The APD gain that optimizes receiver sensitivity for OOK
is Gopt = kA

−1/2(σT /qQB + kA − 1)1/2 [21], where Q is the
Q factor corresponding to the target BER and B is the noise
bandwidth. As seen by the Q dependence, the optimal gain is
dependent on the target BER, so each code has a unique optimum
gain, which differs by approximately 1 dB between the lowest
and highest rate codes. However, APD receiver sensitivity is
relatively constant near the optimal gain, and fixing the APD
gain to optimize the receiver sensitivity using the mother code
adds an optical power penalty of less than 0.03 dB for other
code rates. The tolerance of receiver sensitivity to slight devi-
ations from the optimal APD gain also extends to higher-order
modulation formats. This enables the use of one APD gain for
each modulation format across all code rates.

Because hard decisions are made on received symbols, given
the transmitted symbol, the optical channel can be described
as a discrete memoryless BSC with corresponding transition
probabilities. Using optimized level spacing and APD gain,
we calculate the mutual information between the transmitted
symbols and the received signal under uniform input probability
after hard decisions to determine the maximum transmission
rate of each modulation format [7], shown in Fig. 4. Optimized
level spacing has the potential to improve receiver sensitivity
by 1.5 to 2 dB. PS 2D 3-PAM has an optical power shaping

Fig. 4. Comparison of spectral efficiency for OOK, linear 3-PAM, PS 2D
3-PAM, and 4-PAM with uniform and optimized level spacing for a shot and
thermal noise-limited direct-detection channel with 12.5 GHz noise bandwidth.

gain of 0.5 dB compared to linear 3-PAM. With code rates
in the range of 0.67 to 0.92, a rate-adaptation procedure can
support a 10-dB range of received optical powers. The curves
are about 3 dB away from the soft-decision capacity limit,
estimated using the numerical optimization algorithm presented
in [23] with an additional average optical power constraint in the
maximization.

III. RATE ADAPTATION

The PON ACM method provides discrete rate steps by pairing
three M-PAM modulation formats with several FEC code rates.
Among coding methods, LDPC codes are a practical choice.
Without ADCs, only hard symbol decisions are available to the
decoder. A family of codes with a range of rates can be created
by starting with a mother code in the middle of the range and
puncturing or shortening to increase or decrease the rate [24].

A. Forward Error Correction

Linear block codes are used for FEC in many communi-
cation systems. They add redundancy to the transmitted bits
in exchange for coding gain. PONs have progressed from an
optional Reed-Solomon code RS(255,239) in 1G EPON [25]
to required RS(255,223) in 10G EPON [18]. For 25G EPON,
a single LDPC code is used for higher coding gain compared
to Reed-Solomon codes [26]. We select a quasi-cyclic (QC)
LDPC code with circulant block size 256, codeword length
n0 = 16896 bits, k0 = 14336 information bits, and a rate of
r0 = 0.85. One motivation for using QC-LDPC codes is that
they are encodable in linear time, in contrast to completely
random LDPC codes that can take quadratic time to encode.

LDPC soft-decoding algorithms such as the sum-product and
min-sum algorithms typically require soft information from the
channel, but fixed-initialization decoding has been proposed
to decode LDPC codes using the sum-product algorithm over
a BSC [17]. Fixed-initialization decoding enables the use of
soft-decoding algorithms with increased error correction capa-
bilities over their hard-decoding counterparts, even when soft
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Fig. 5. Shortening deletes s of k0 information bits, and puncturing deletes p of
m0 parity bits, resulting in a code of rate r0 = k/n = (k0 − s)/(n0 − p− s).

information on the received symbols is not available, as in
this PON system with no receiver-side ADCs. To limit de-
coder complexity, we use the normalized min-sum algorithm
[27], a simplified belief propagation decoder algorithm. Be-
cause the min-sum algorithm is invariant to initial LLR scal-
ing, the LLR magnitudes can be initialized to 1 for any BSC
crossover probability. Then, the log-likelihood ratios (LLRs)
of the LDPC decoder are initialized based on the received
bits following

Lbi =

{
1, bi = 0
−1, bi = 1

, (3)

where bi is the ith codeword bit. The LDPC code has a coding gap
of 1.3 dB in SNR and can correct a pre-FEC BER of 8 × 10−3 to
a post-FEC BER of 10−12 using fixed-initialization normalized
min-sum decoding. Although the performance of a binary soft-
decision decoder such as the min-sum LDPC decoder is typically
most accurately represented by generalized mutual information
(GMI) [28], avoiding ADCs and using hard bit decisions discards
available soft information. Thus, the channel, as seen by the
encoder and decoder pair, is reduced to a BSC with crossover
probability equal to the pre-FEC BER. Consequently, pre-FEC
BER, typically used to evaluate binary hard-decision codes, is a
sufficient metric.

Unlike Reed-Solomon codes, which are based on polynomials
over a finite field and have a relatively constrained structure,
LDPC codes have numerous degrees of freedom and require
careful design. In optical communications, where the post-FEC
BER must be extremely low, it is imperative that a code does
not exhibit an error floor [29], [30]. There are many methods
to design LDPC codes for rate variation, including edge growth
and parity splitting [31]; shortening, puncturing, or extending
[32]–[35]. We choose to implement rate variation through punc-
turing and shortening of one LDPC mother code, as shown
in Fig. 5, because it enables rate variation of the FEC code
with minimal changes in decoding hardware. In shortening, the
shortened information bits are fixed to 0 and not transmitted,
so they have infinite log-likelihood ratio. This is equivalent to
deleting columns of the parity check matrix, so the hardware
corresponding to the deleted columns can be disabled. In punc-
turing, the punctured, untransmitted parity bits are unknown and
start at 0 log-likelihood ratio in the iterative decoding algorithm,
and the decoding computation remains unchanged. Therefore,
shortening and puncturing can be implemented in hardware by
a controller that initializes LLR values based on which bits are
punctured or shortened at each code rate, eliminating the need for
separate decoder hardware for different code rates [36]. Power
savings can be achieved by additional control logic that disables

Fig. 6. Code performance comparison on a binary intensity-modulated AWGN
channel, comparing simulated LDPC code performance under shortening and
puncturing, hard-decision (BSC) and soft-decision (BAWGN) capacity limits,
and Reed-Solomon codes of various block lengths.

the redundant hardware components decoding shortened bits
already known to be 0. With puncturing and shortening, the new
code rate is

r = (k0 − s) /(n0 − p− s). (4)

We implement the fixed-initialization LDPC decoder on an
nVidia Tesla K40 GPU for different shortening and puncturing
values, using a parallel QC-LDPC min-sum algorithm [37] to
decode to a BER below 10−12. By shortening the mother code
down to a code rate of ½, or puncturing up to a code rate
of 0.92, the required pre-FEC BER ranges from 3.2×10−2 to
1.45×10−3. The LDPC code performance is compared against
the hard-decision limit and several Reed-Solomon codes in
Fig. 6. For a binary code on an additive white Gaussian noise
(AWGN) channel, the hard-decision capacity is the capacity of a
BSC with crossover probability p, C = 1−H(p), where H(p)
is the binary entropy function. Crossover probability on a binary
AWGN channel can be determined by

p = Q

(
d

2σn

)
= Q

(√
SNR

2

)
(5)

for intensity modulated OOK, where d is the distance between
the 0 and 1 constellation points in the electrical domain, σn is
the noise variance, SNR is the electrical SNR, and Q( ) is the Q
function that computes the tail probability of a standard normal
distribution.

The performance of Reed-Solomon codes can be estimated
analytically for all shortening and puncturing values, while
discrete points were simulated for the LDPC code. Generally, as
a code is punctured or shortened significantly away from their
original code rate, the code’s gap to capacity increases, as is
observed here. Many algorithms for deciding the order of bits to
be deleted in puncturing or shortening to mitigate performance
loss have been proposed and studied [33], [35], [38]. For the
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simulated LDPC code, the mother code exhibits a performance
1.3 dB away from the hard-decision capacity, while shortening
to a rate of⅔ and puncturing to a rate of 0.92 increase the gap to
capacity to 2.6 dB and 2.2 dB, respectively. Lowering the code
rate down to ½ introduces significant performance penalty. The
LDPC code shows an SNR gain of approximately 1 dB over a
slightly longer Reed-Solomon code, but there is a crossover in
performance at rates punctured above 0.92. If receiver-based
post-equalization is employed and ADCs are added at the
receiver, soft information becomes available to the FEC de-
coder, potentially providing up to 2 dB further improvement in
SNR [39].

B. Negotiating Rates

A transmission mode specifies a modulation order and FEC
code rate. Each modulation order has a corresponding APD
gain and level spacing that optimizes receiver sensitivity. Not
all FEC code rates may be paired with every modulation or-
der. In a PON using ACM, an OLT-based controller will set
downlink and uplink rates. To accomplish this task, in the PON
communication protocol, additional metadata bits are needed to
establish the transmission mode used for each ONU. We present
one possible method of negotiating rates in the PON. In the
downstream direction, the OLT designates the communication
mode that following transmissions will use. In the upstream
direction, receiving terminals send information about reception
quality, either via error-correction decoder input error rate (pre-
FEC BER) or a received SNR estimate, to aid the OLT’s rate
decision [24].

All communication between the OLT and an ONU starts
at the lowest rate. The procedure for negotiating rates is as
follows: an OLT sends out the call for ONU registrations at
the lowest rate, and new ONUs respond with a register request
that includes the channel quality information. Based on the
channel quality, the OLT can increase the assigned rate of each
ONU incrementally until further increases are estimated to be
unsupported by current channel conditions. For example, in the
case of using pre-FEC BER as the channel quality measure, each
FEC rate has a required pre-FEC BER to achieve a post-FEC
BER of 10−12, so the OLT can use the pre-FEC BER information
to determine which code rates are supported in the channel
and possibly increase the rate by more than one rate step at
a time. Allowing different code rates to different ONUs from
the OLT extracts the most benefit from a variable-rate PON
architecture. Current PON protocols support backward compat-
ibility of 1G ONUs in a 10G network by transmitting different
rates at different wavelengths. However, to support multiple
rates without adding many downstream wavelengths, we elect
to use a single wavelength, which will require modifications to
the PON MAC frame structure. Synchronization methods must
also be designed operate over the wide SNR range supported
by ACM.

IV. NETWORK SIMULATIONS

To quantify the benefits of introducing rate adaptation into
PONs, we perform simulations over the optical link and combine

TABLE I
SIMULATION PARAMETERS

the results with a model for loss distribution. We demonstrate
that transmitter-based equalization has performance comparable
to receiver-based equalization, without requiring receiver-side
ADCs.

A. Optical Channel Simulation

In simulating the optical network, the symbol rate is chosen
such that with a 64b/66b line code and FEC overhead from
the mother code, the overall bit rate with OOK is 25 Gb/s,
corresponding to a symbol rate of Rs = 30 Gbaud. The laser
wavelength is set to 1358 nm, corresponding to a downlink in
the O band with less dispersion than the C band that leaves
some bandwidth closer to the zero-dispersion wavelength for
higher-rate protocols as decided for 25G EPON [26], at a cost
of increased fiber attenuation. We transmit through 25 km of
fiber. Transmitter-based equalization uses a 5-bit DAC with
an oversampling rate of 2 to compensate modulator and APD
bandwidth limitations, CD, and nonlinearity from the MZM and
direct detection. The DAC is modeled as a 5th order Bessel
filter with bandwidth 0.7 times the sampling rate. The MZM
is modeled as a critically damped second-order low-pass filter
(LPF) followed by a sinusoidal nonlinear transfer function. If no
receiver-based equalization is performed, the receiver filtering is
an analog 5th order Bessel filter with cutoff frequency at 0.8 times
the symbol rate. If receiver-based equalization is performed,
an antialiasing Butterworth filter with cutoff frequency at half
the symbol rate is used instead, followed by a 5-bit ADC
and an adaptive digital feedforward equalizer. Then, Hrec(f)
becomes the combined frequency response of the ADC and a
continuous-time equivalent of the discrete-time FIR equalization
filter. Simulation parameters are summarized in Table I.

Simulation results for the three equalization options after a
transmission distance of 25 km are shown in Fig. 7. As PON bit
rates scale beyond 10 Gb/s, fiber CD and bandwidth limitations
of transmitter and receiver optoelectronic components cause
significant distortion and intersymbol interference (ISI) that
degrades performance, so we investigate the performance gain
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Fig. 7. Simulated performance for the three modulation formats comparing
equalization techniques optimized for 25 km transmission distance. Transmis-
sion performance with 25 km of fiber is evaluated for the cases of no equalization,
receiver-based post-equalization, and transmitter-based pre-equalization. Trans-
mission performance for 10 km of fiber with transmitter-based pre-equalization
is also included to demonstrate the small distance-mismatch penalty of common
pre-equalization. Horizontal black dashed lines indicate the range of BERs where
our family of LDPC codes operates.

provided by digital equalization. We compare three equalization
scenarios: no equalization, transmitter-based pre-equalization,
and receiver-based post-equalization. Transmitter-based pre-
equalization at 25 km transmission distance eliminates the
performance penalty caused by CD, with performance equal
to back-to-back transmission. Although direct detection intro-
duces nonlinearity into the channel, a linear filter performing
receiver-based post-equalization is still able to provide good
signal recovery. An adaptive feedforward filter with 15 symbol-
spaced taps converges quickly using gradient descent. Because
the LDPC codes used are quite strong and can tolerate a relatively
high pre-FEC BER, we do not use decision-feedback equalizers,
which may suffer from error propagation at higher BERs.

The penalty of forgoing equalization increases dramatically
as the modulation order is increased, because higher-order mod-
ulation is more sensitive to distortion. The penalty for distance
mismatch in a common transmitter-based equalization scheme
that is the same across all ONUs is small, a few tenths of a dB
of optical power for 10 km transmission distance with 25 km
of CD compensation, much smaller than the 6-dB difference in
received optical power due to fiber attenuation. In the target BER
range of 10−3 to 10−2, our specific implementation of receiver-
based post-equalization offers slightly better performance than
transmitter-based pre-equalization, with the difference decreas-
ing for lower BER. Due to the asymmetric structure of PONs,
transmitter-based equalization is preferred over receiver-based
equalization, because of the higher cost of adding multiple ADCs
at the ONUs as compared to that of adding one MZM and
two higher-sampling-rate DACs at the OLT. The introduction
of ADCs to enable receiver-based post-equalization makes it
possible to provide soft information to the decoder. Our cur-
rent performance analysis is not applicable to soft decoders
for the following reasons. First, FEC performance will differ

Fig. 8. Simulated performance for all combinations of modulation order and
code rate with pre-equalization at 25 km transmission distance. Circled points
are selected as transmission modes in throughput increase analysis.

from that of the fixed-initialization LDPC decoding simulations
performed. Second, as noted in Section IIIA, the performance
metric for soft decoders is GMI rather than pre-FEC BER. There-
fore, in the throughput analysis of Section IVC, we consider
only transmitter-based pre-equalization and equalization-free
options.

By combining the results from simulation of the optical chan-
nel with the LDPC code performance, we determine the receiver
sensitivity of each modulation format and code rate combination,
shown in Fig. 8 for a system employing transmitter-based pre-
equalization. Switching from OOK to 3-PAM and from 3-PAM
to 4-PAM both require roughly 3 dB of optical power increase,
and the receiver sensitivity range is about 10 dB, in agreement
with spectral efficiency calculations, but there are penalties from
non-ideal pulse shape, signal distortion, ISI, and FEC gap to
capacity. Out of the 33 possibilities, considering the tradeoff
between receiver complexity and bit rate resolution, we select
14 combinations, circled in Fig. 8, along the outer hull of the
bit rate-vs.-receiver sensitivity curves, to use as communication
modes. With this subset of modes using all three modulation
formats and five different code rates (0.67, 0.75, 0.85, 0.89,
0.92), links with receiver sensitivities ranging from −31 dBm at
20 Gb/s to −22.6 dBm at 54.5 Gb/s are supported.

B. Network Heterogeneity

Each port of an OLT is connected to many ONUs, each with
its own channel characteristics. To estimate the effect of this
heterogeneity, we create a model for the link variation in an
optical network. Fig. 9. Shows the probability density function
of the relative optical power losspx(x)in a representative PON.
A deterministic parameter that affects link loss is the length of
the distribution fibers that connect the passive optical splitter to
each ONU; for ONUs distributed around an OLT, distance is
typically Rayleigh distributed [40]. Because the structure of a
PON is known, it is possible to specify the maximum length,
and we modify the Rayleigh distribution by imposing a finite
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Fig. 9. Example optical power loss probability distribution for a PON includ-
ing deterministic and random variation.

maximum length. The deterministic component of optical power
loss in the PON is then

pdet(x) =
−x exp

(−x2/(2s2)
)

s2 (1− exp (−L2
maxα

2/(2s2)))
, x ∈ [−Lmaxα, 0] ,

(6)
where x is the relative loss in dB, α is the fiber attenuation
parameter in dB/km, s is the scaling parameter of the Rayleigh
distribution, and Lmax is the maximum fiber length.

In addition to the deterministic fiber length distribution, ran-
dom variables are also present. One example is coupling loss
that depends on angular and linear offsets in a connection or
splice [41]. Other factors contributing to power variations are
temperature shifts and other weather conditions that cause fiber
surroundings to change; the effect of these factors is modeled
as a log-normal distribution under the assumption that they are
largely independent of each other, so the random component of
optical power loss in the PON is

prnd(x) = 1/
√
2πσ2 exp

(−x2/(2σ2)
)
, (7)

where σ is the standard deviation of all random factors. By
convolving the probability density functions of these three loss
sources, we arrive at the final probability distribution

px(x) = pdet(x)
∗prnd(x), (8)

where ∗ denotes convolution. Reflecting the distribution from
measured data of deployed ONUs, the left tail is slightly longer
than the right tail [12].

C. Throughput Increase

To evaluate the performance gain of ACM, we analyze the
increase in total network throughput enabled by multiple rates.
Using our model for PON statistics, we compare against a
reference bit rate of 25 Gb/s in a single-rate system using
OOK with only the mother code. The maximum fiber distance
is set to 25 km; then, the power is set such that the longest
link has a 3-dB optical power margin to accommodate random
variation and component aging over the lifetime of the PON.
This setup roughly corresponds to a PON with splitting ratio 64
and maximum fiber length 25 km.

We compare fixed-rate transmission to two adaptive-rate
transmission schemes. The first, adaptive modulation, uses only
the mother code but all three modulation format options. The
second, ACM, uses adaptive modulation with three modulation
formats as well as adaptive coding with five code rates to utilize

TABLE II
EQUALIZED THROUGHPUT COMPARISON

the full range of available rates. For all transmission schemes, a
margin of 3 dB is maintained for all transmission rates used.

With rate adaptation, two possible ways to allocate time on
the channel are to allocate equal time to each ONU on the TDM
channel, or to allocate time for each ONU inversely proportional
to its bit rate. Allocating time based on bit rate provides every
ONU with the same equalized bit rate. The equalized bit rate
corresponds to the maximum rate the system can support with
all users achieving the same rate. By enabling ONUs with higher
SNR to operate at higher rates, time is freed up for ONUs with
lower SNRs, increasing the average rate of all ONUs.

For adaptive modulation with three bit rate options, if each
ONU receives equal time on the TDM channel, the maximum
time-averaged bit rate is 38.5 Gb/s with pre-equalization, a
54% increase. If instead the amount of time allocated for each
ONU is inversely proportional to its bit rate, then every ONU
has the same equalized bit rate of 36.5 Gb/s, a 46% increase.
ACM increases the maximum averaged bit rate by 66% to
41.4 Gb/s and the equalized bit rate by 59% to 39.7 Gb/s.
The equalized bit rates achieved by each transmission setup for
the 25 Gb/s reference network configuration with and without
transmitter-based pre-equalization are summarized in the first
row of Table II. The second and third rows show the throughput
increase with ACM if the PON power budget is increased to
allow for 3-PAM or 4-PAM fixed-rate transmission, respectively.
The use of transmission modes with lower code rates improves
the minimum receiver sensitivity and adds extra margin to a
network, so the probability that a link fails because the received
optical power is too low to support any communication mode
decreases. ACM can achieve bit rates greater than 50 Gb/s due to
the punctured codes that have higher rate than the mother code,
and greater minimum margin due to better receiver sensitivity of
shortened codes. Consequently, allowing different code rates in
addition to different modulation formats not only increases the
overall achievable throughput, it also simultaneously decreases
the link failure probability.

Splitting ratio, transmitted power, fiber length, and penalties
from component aging over time can all affect the available
optical power in a PON. To account for differences among PON
structures, Fig. 10a shows the increase in equalized bit rate
with received optical power for fixed-rate transmission, adap-
tive modulation, and ACM with and without transmitter-based
pre-equalization. An optical power offset of 0 dB corresponds to
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Fig. 10. Throughput increase from ACM. (a) Equalized bit rate as a function
of optical power offset to accommodate different power budgets or receiver
sensitivities, showing fixed-rate transmission (solid), adaptive modulation using
2-PAM, 3-PAM, and 4-PAM and the mother code (dashed), and ACM with
the three modulation orders and five code rates (dotted), without equalization
(gray) or with transmitter-based pre-equalization (black). (b) Relative equalized
bit rate increase from ACM compared to fixed-rate transmission at 0-dB offset
for increasing number of FEC rates. Dotted vertical line indicates the five code
rates used to evaluate equalized bit rate for ACM in (a).

3 dB of margin in the worst channel for the 25 Gb/s transmission
mode as described initially. An optical power offset corresponds
to a uniform increase in available optical power to all ONUs in
the PON. The step transitions in the solid fixed-rate line indicate
the power offsets at which the modulation order in the fixed-rate
system increases and the corresponding equalized bit rates in
Table II. For example, 3-PAM at 37.5 Gb/s in a fixed-rate system
can be supported at an optical power offset of 3.3 dB, which can
be realized by decreasing the splitting ratio to 32 and decreasing
the feeder fiber length by 1 km. With ACM and pre-equalization,
the same system can support over 50 Gb/s, or keep the equalized
bit rate of 37.5 Gb/s while increasing optical power margin by
3.7 dB. In a fixed-rate system, to realize 50 Gb/s with 3 dB of
optical power margin, the initial received optical power must be
at least −21.3 dBm in all channels, but with adaptive coding
and modulation, −24.9 dBm minimum received optical power
can realize a bit rate of 50 Gb/s with the same margin. The
equalized bit rate starts to plateau as it reaches 54.5 Gb/s, because
an increasing fraction of links are limited by the bit rate of the
highest transmission mode rate, but a higher-order modulation
format such as 8-PAM can be added to extend the transmission
mode rate range.

Increasing the resolution of usable bit rates by adding more
FEC rates increases the margin and throughput of the system, but
there is a diminishing marginal return of adding new FEC rates.
Using a single FEC rate corresponds to adaptive modulation

only. The shortened code with the lowest rate determines the
extra margin added to the system, and the highest punctured
code rate determines the maximum rate of the PON. The reported
equalized bit rates for ACM use five different FEC rates. Fig. 10b
shows that at 0-dB optical power offset, adding five more FEC
rates beyond the first five contributes only 1.3% additional bit
rate.

V. DISCUSSION AND CONCLUSIONS

Leveraging information about current channel conditions to
adjust bit rate can provide graceful degradation of performance
by decreasing bit rates as channel conditions worsen, increasing
system robustness. A PON with 25G-class components employ-
ing adaptive coding and modulation with 2-, 3-, and 4-ary PAM
supports a 10-dB range of received optical powers. Using OOK
and a fixed code rate as reference, optical power margin in
the worst channels can be increased 1 dB without increasing
transmitted optical power, all while increasing the overall bit
rate by over 50%. A 50 Gb/s average bit rate is supported on a
network with a splitting ratio of 32 and maximum fiber length of
25 km. Adaptive coding and modulation increases the margin in
a system, enabling lower failure probabilities and robustness
to changes in channel quality over time. As a first analysis,
we investigated the two simplified allocation strategies of equal
transmission time or equal bit rate for all ONUs, neglecting the
effects of time-varying network traffic. To follow up, a more
realistic study would additionally consider the performance of
ACM using different dynamic bandwidth allocation strategies
and with various network demand statistics.

We compared methods to overcome signal distortion from CD
and component bandwidth limitations, which becomes critical
at 12.5 Gbaud and higher symbol rates. Transmitter-based pre-
compensation avoids noise enhancement but requires two DACs
and a dual-quadrature MZM. Receiver-based methods can be
used with a simple transmitter, whether an electro-absorption
modulated laser (EML) or MZM, but require an ADC and DSP
at the receiver. To minimize ONU cost and power consumption,
it may be best to use transmitter-based downlink compensation.
If receiver-based equalization is introduced, then a logical step
is to transition to soft-decision decoding for further coding gain.
While decoding relying on ADCs to provide soft information
requires more complex performance evaluation replacing pre-
FEC BER with GMI in channel and coding simulations and
leading to different quantitative results, the ACM scheme using
multiple modulation formats and a shortened/punctured FEC
code, along with the general method for throughput analysis in
Section IVC, remains valid.

Another mechanism for rate adaptation is probabilistic shap-
ing. By changing the shaping parameter and thus input prob-
ability distribution, different information rates can be realized
with the same modulation format and FEC. In coherent sys-
tems, probabilistic shaping can provide SNR gain of about 1
dB [19], even using only hard-decision decoding. Probabilistic
shaping results in performance that more closely tracks the
capacity curve [42] compared to puncturing and shortening that
exhibits growing performance penalty as more bits are deleted.
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However, a drawback of probabilistic shaping is that probability
mappers are complex to implement and can complicate the
clock and data recovery process. Most probabilistic shaping
studies have focused on coherent systems, but probabilisti-
cally shaped PAM in a direct-detection system has been shown
to increase achievable information rate by 0.19 bits/symbol
and throughput by 11.4% compared to uniformly distributed
PAM [43], although the application of probabilistically shaped
PAM to rate adaptation in direct-detection systems has yet to
be studied.

Our analysis focuses on the downlink, and because we opt
to increase network throughput rather than decrease margin, the
network structure is unchanged. Therefore, the uplink remains
usable and is not affected by rate adaptation on the downlink.
However, asymmetric PON protocols reflect that the uplink bit
rates are more challenging to increase than the downlink, so
applying rate adaptation solely to the downlink will further
increase the disparity between uplink and downlink rates. It is
possible to apply rate adaptation to the uplink as well, but further
analysis is necessary.
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statistics, spatial multiplexing, and imaging in multi-mode fibers, explaining the
existence of principal modes in 2005, deriving the statistics of coupled modal
group delays and gains in 2011, and deriving resolution limits for imaging in
2013. His current research addresses optical comb generators, coherent data
center links, rate-adaptive access networks, fiber Kerr nonlinearity mitigation,
ultra-long-haul submarine links, and optimal free-space transmission through
atmospheric turbulence. He was the recipient of the National Science Foundation
Presidential Young Investigator Award in 1991.
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