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Abstract—We propose and experimentally demonstrate an en-
tropy (bits/symbol) allocation scheme for orthogonal frequency
division multiplexing (OFDM) signal in a millimeter wave (mmW)
over optical fiber fronthaul link. Under the condition of additive
white Gaussian noise (AWGN) channel, a closed-form expression
between the symbol error rate (SER) of probabilistically shaped
quadrature amplitude modulation (QAM) signal and signal-to-
noise ratio (SNR) is derived. With a fixed averaged target entropy
of the overall signal frame, we use a projected mirror descent
algorithm to maximize the averaged SER of the channels based
on the pre-measured SNR information. The gradient information
is estimated by finite difference using the modeling result. Ex-
perimental results in a fiber-mmW converged system validate the
proposed method, which allocates more entropy for higher SNR
regions compared to a simple scheme that allocates the entropies
proportionally based on Shannon’s formula. It yields a smoother
NGMI and can meet the 0.86 NGMI threshold over the operation
frequencies, while uniform QAM signal and Shannon formula
based algorithm fails the threshold requirement. Up to 1.8-dB and
0.6-dB received optical power (ROP) gain are achieved as compared
with uniform QAM signal and signal with Shannon formula-based
allocation, respectively. Compared with the uniform signal, up to
0.7-bits/symbol GMI improvement is also demonstrated.

Index Terms—Entropy allocation optimization, fiber-millimeter
transmission, probabilistic shaping.

I. INTRODUCTION

A S THE data requirement of optical network grows due to
the emerging applications of 8K video, Internet of things

(IoT), and vehicle-to-everything communication, fiber-wireless
integrated fronthaul network are expected to fully exploit the
spectral resources and maximize the capacity of the physical
layer infrastructure [1], [2]. The adoption of OFDM modula-
tion format provides high spectral efficiency. Millimeter-wave
(mmW) transmission can accommodate more available band-
width [3], [4] in the last-mile wireless delivery. However, mmW
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has a high attenuation factor and is sensitive to uneven frequency
responses induced by frequency selective fading or local oscilla-
tor leakage [4], [5]. Therefore, increasing the link reliability and
dealing with the uneven channel frequency response are critical
for fiber-mmW converged links.

On the other hand, probabilistic shaping (PS) has attracted lots
of research attentions in fronthaul applications. PS signal with
the Maxwell-Boltzmann distribution shows enhanced tolerance
to ASE noise with increased Euclidean distance in an averaged
power limited system [6]. Therefore, it has been applied in the
single carrier mmW link to enhance the channel capacity or
the receiver sensitivity [4], [7]. Some reported works apply a
uniform entropy (bits/symbol) distribution to the whole OFDM
frame with a performance improvement [8]–[10]. However,
part of the subcarriers in an OFDM signal may be degraded
or distorted significantly due to an uneven frequency response
channel. To solve the issue, PS provides the flexibility of tuning
entropy value arbitrarily by adjusting the probabilities of the
transmitted symbols [11]–[13]. Per-subcarrier based PS entropy
allocation has been employed via the pre-measured signal to
noise ratio (SNR) of each sub-block to maximize the channel
capacity or enhance the received performance in various links
(e.g., visible light communication, optical fiber, mmW) [13],
[14]. Compared with the conventional bit-loading scheme tunes
the entropy values by integers, PS outperforms by enabling
a continuous entropy tuning. However, per-subcarrier tuning
scheme shows increased complexity and every subcarrier re-
quires sufficient long frame length to ensure low rate loss.
Therefore, a simple Shannon-formula-based PS-unit allocation
scheme, which allocates the entropies proportionally based on
Shannon’s formula with a fixed transmission data rate, has
been reported [15], [16]. By grouping several subcarriers into
one PS unit, the processing complexity and the required frame
duration can both be reduced. However, the Shannon-Hartley
theorem cannot describe the practical system capacity perfectly
since forward error correction (FEC) is not ideal in practice
[17]. In other words, the entropy allocation using the Shannon
formula is not optimized when we consider the non-ideal FEC.
Moreover, when the target information rate is not equal to the
channel capacity, Shannon formula does not give guidance on
the optimal allocation scheme to minimize BER with a given
information rate. In particular, simply apportioning the entropy
proportionally based on Shannon capacity is not necessarily
optimal.

In this paper, we propose the entropy per PS unit allocation
based on the optimization of pre-FEC metrics. In the analysis,
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Fig. 1. The 64QAM constellation diagram of the inner, corner and edge
symbols in modeling.

the Maxwell-Boltzmann distribution, which is the optimal distri-
bution under AWGN [18], is assumed. The model gives a closed-
form expression of the SER versus SNR, which guides the
allocation scheme. The modeling procedure applies to different
detection schemes such as maximum likelihood (ML) detector
and maximum a posteriori (MAP) detector. We reformulate the
PS-unit based entropy allocation scheme to an optimization
problem with pre-measured SNR, while the constraint that the
averaged entropy and spectral efficiency of the whole data frame
remain unchanged. A projected mirror descent algorithm is
utilized to maximizes the averaged SER (thus Q factor) among
PS units. We also conduct a proof-of-concept experiment in a
fiber-mmW integrated fronthaul link to validate the proposed
model and algorithm.

This paper is organized as follows. Section II describes the
principle of operation, including the channel modeling of the PS
signal and the optimization scheme based on the projected mirror
descent algorithm. Section III presents the experimental setup of
the fiber-mmW integrated fronthaul while Section IV compares
the experimental results with different allocation algorithms.
Finally, Section V gives concluding remarks.

II. PRINCIPLE OF OPERATION

This section presents the channel modeling of the PS QAM
signal and the entropy (bits/symbol) optimization scheme. Note
that in our analysis, an ML detector, which makes the decision
based on the minimum distance, is assumed. The modeling
can be further extended to a MAP detector, which gives better
performance but a higher complexity [19].

A. Channel Modeling Based on Constellation Partitioning

Firstly, an M-QAM signal is divided into three parts: inner
symbols, edge symbols and corner symbols. Fig. 1 presents an
example of the division scheme for a 64-QAM signal. Assume
the amplitude of the M-QAM signal is aI and aQ (

√
M PAM

alphabet) for I and Q part respectively, we can write the signal

with AWGN as [17]:

r =
√

Eg ·
[
aI

aQ

]
+

[
nI

nQ

]
, (1)

where nIand nQ are i.i.d. N(0,N0/2), and Eg is the energy of
the received pulse. The statistics of the noise complex envelope
shows white Gaussian noise with PSD N0/2. Then we can
calculate symbol error rate (SER) as a function of Eg and N0.

Assume the transmitted signal obeys Maxwell-Boltzmann
distribution in the PS scenario, the SER can be represented as
the weighted sum of error probabilities of different parts:
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· P (wrong|inner)
= α1 · P (wrong/corner) + α2 · P (wrong/edge)

+ α3 · P (wrong|inner) , (2)

where the weight coefficients are functions of λ and corre-
spond to the probabilities of each part. P (wrong|corner),
P (wrong|edge) andP (wrong|inner) represent the error prob-
abilities of corner symbols, edge symbols and inner sym-
bols, which can be obtained as a function of Q(

√
2Eg/N0)

as shown in the appendix. Z is the normalization term: 4 ·∑√
M/2

i=1

∑√
M/2

j=1 (exp(−λ((2j − 1)2 + (2i− 1)2))).

Moreover,Q(
√

2Eg/N0) can be reprenseted with signal SNR
and the mean value of signal power. The energy per bit can be
written as [17]:

Eb =
Energy per pulse

entropy
=

E
(
a2I + a2Q

)
H

Eg, (3)

where H is the signal entropy and mean value is

E
(
a2I + a2Q

)

=

√
M/2∑
i=1

√
M/2∑
j=1

⎛
⎝exp
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)⎞⎠ . (4)
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Fig. 2. Algorithm block diagram. (a) Modeling based algorithm using mirror descent with gradient estimates for entropy allocation. (b) Chart flow for calculating
Pe given SNR and entropy.

With Eb/N0 = SNR/H , the Q function can be written as:

Q

(√
2Eg/N0

)
= Q

(√
2Eb ·H

/(
N0 · E

(
a2I + a2Q

)))

= Q
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⎛
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√√√√ 2SNR

E
(
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)
⎞
⎟⎠ .

(5)

Combining Eq. (2) with Eq. (5), we obtain Pe as a function of
SNR, λ, and modulation order M. The bit error rate (BER) can be
approximated as Pe/log2Mwith gray mapping [17]. Note that
λ can also be represented with signal entropy:

H = 4 ·
√
M/2∑
i=1

√
M/2∑
j=1

exp
(
−λ
(
(2j−1)2+(2i−1)2

))
Z

. (6)

Finally, we can get Q factor as a function of SNR,
signal entropy and QAM order M with Q2(dB) =
20log10(

√
2erfc−1(2BER)) [20].

B. Entropy Optimization Design

Fig. 2(a) illustrates the entropy optimization algorithm based
on the model that we built up in the previous section. Most
of the commercial wireless systems operate with multicarrier
waveform, i.e., OFDM, in which each subcarrier occupies small
bandwidth. Therefore, each subcarrier can be approximated by
AWGN channel due to smaller bandwidth even if the received
signal suffers from non-uniform frequency responses. On the
other hand, the operating ROP point of practical system (nearby
the pre-FEC thresholds) is dominated by ASE noise. This im-
plies that the model built with AWGN assumption can still work.
Assume that there are N PS units (each PS unit is comprised
of few subcarriers), we can obtain the pre-measured channel
SNR vectorr ∈ RN for every PS unit. One constraint of the
optimization algorithm is that average entropy of the whole
signal frame equals target entropy H̄ . Given r, H̄ , the initial

entropy vector θ0, step size η, probe radius ε and number of
steps T, we can compute the allocated entropy step by step, as
shown in Fig. 2.

We use a projected mirror descent algorithm for maximizing
the Q factor (thus the averaged SER) among the PS units,
where the gradient information is estimated by taking finite
difference for function value information using the modeling
result. Note that we need to estimate the gradient of the Q-factor
with respect to entropy of each PS unit. This can be imple-
mented via chain rule: we can compute ∂Q/∂Pe(i) analyti-
cally, and compute ∂Pe(i)/∂θi numerically by finite difference.
Multiplying them together, we obtain the gradient estimator
ĝ in the Algorithm described by Fig. 2(a). Mirror descent is
a variant of gradient descent which adapts to the geometry
of the problem and enforces the constraint conveniently, with
possibly faster convergence rate. (See, [21], Chapter 3). In
general, for any x, y ∈ Rn, the algorithm uses a convex mirror
map function Φ to define the Bregman divergence DΦ(y, x) =
Φ(y)− Φ(x)−〈y − x,∇Φ(x)〉. Suppose we are given a step
size η and a gradient estimator g. Let xt be the current iterate
and xt+1 be the next iterate, the algorithm takes the update:

xt+1 = argmin
y

η〈g(xt), y − xt〉+DΦ(y, x
t), (7)

where 〈g(xt), y − xt〉 denotes the inner product between the
vectors g(xt) and y − xt.

In order to enforce the constraint that the average entropy H̄
over channels is fixed, we choose the mirror map function to be
Φ(x) =

∑n
i=1

xi

NH̄
log xi

NH̄
. In this case, the function DΦ(x, y)

is the Kullback-Leibler (KL) divergence between x/NH̄ and
y/NH̄ , the normalized entropy vectors seen as probability dis-
tribution overN coordinates. The one-step update defined above
can be written in closed form as exponential weight update,
which is shown in Algorithm 1.

Define the norm ‖x‖1 =
∑

i |xi|. It is known (See [21])
that within a domain of diameter R under the ‖ · ‖1 metric,
for a convex functions f such that: maxi|∂f/∂xi(x)| ≤ L,
the minimization of f converges to the optimal solution with
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Fig. 3. Experimental setup and DSP diagram. P/S: Parallel to Serial converter; DAC: digital to analog converter, DML: Directly Modulated laser, PA: power
amplifier, ATT: attenuator, PD: photodetector, ED: envelope detector, ADC: analog to digital converter, S/P: Serial to Parallel converter.

rate RL/
√
T . Though the objective function in the entropy

allocation problem is generally non-convex, it is locally convex
in a region around a local minimum. Thus, an initialization point
acquired by the heuristics-based allocation method satisfies the
convergence rate in the local region. For a system with N PS
units, the diameter R under the ‖ · ‖1 metric scales linearly
with N , as entropies are bounded. Note that in our model, the
one-dimensional mapping from SER to the Q factor and the
mapping from entropy to SER both have bounded derivatives
in a bounded region, the Lipschitz constant L scales with 1/N ,
due to the averaging of SER per PS unit. Overeall, the algorithm
has a rate of convergence independent of number of PS units.
This is made possible by the mirror descent algorithm which
exploits the structure of the objective function and the constraint
set. Finally, the mirror descent algorithm directly enforces the
average entropy constraint that the averaged entropy of N PS
units equals to H̄ . In each iteration of Algorithm 1, we perform
a mirror descent update. To estimate the gradient of Q, we
sample an entropy vector near the current vector and calculate its
SERs per channel and final Q factor. We can take the difference
between the old and new SERs and Q factors, from which the
gradient of Q can be computed. Note that given an entropy
vector, we can compute the signal SER based on the block
diagram in Fig. 2(b) (principle in Section II.A). The current
signal error probability can be obtained from taking average of
the SER of the N PS units.

III. EXPERIMENTAL SETUP

Fig. 3 illustrates the experimental setup and DSP diagram.
In the transmitter DSP, subcarriers in the same PS unit share
the same entropy and they are combined together to gener-
ate the target entropy with a smaller rate loss. For every PS
unit, a pseudorandom binary sequence (PRBS) is loaded to a
probabilistic amplitude shaping (PAS) block with the assigned
entropy from the optimization algorithm. In the PAS block, the
constant composition distribution matching (CCDM) generates
the desired probability distribution for the amplitude part of the
I and Q signal, respectively. We choose the target distribution
as the Maxwell-Boltzmann distribution. Then the amplitude
part combines with the sign part, which gives the QAM signal.
Details of the PAS can be found in [16]. The symbol sequence
in each PS unit is then parallelized into several subcarriers
and normalized. In this demonstration, the PS-64QAM OFDM
signal consists of 800 subcarriers and 54 symbols with a subcar-
rier spacing of 750 kHz, while PS-256QAM OFDM has a similar
setting but with a subcarrier spacing of 500 kHz. The IFFT
size is 2048 for both schemes and 5.12% CP is inserted. After
OFDM modulation (IFFT operation and CP insertion) and P/S

conversion, the complex OFDM signal is upconverted to an in-
termediate frequency (IF) signal with a carrier frequency of 500
MHz. The IF signal is loaded into a digital to analog converter
(DAC) with a sampling rate of 16 GS/s and 8-bits ENOB. Then
it is modulated by a 10-GHz directly modulated laser (DML).
The optical signal is delivered through a 15-km single-mode
fiber (SMF) and detected by a 10 GHz photodetector (PD). An
attenuator before the PD controls the ROP in the system. The
electrical IF signal is then converted to a 60-GHz mmW signal
by a 18-GHz electrical mixer (input third order intercept equals
to 13 dBm), a 15-GHz RF source and a frequency quadrupler.
A wideband power amplifiers (PA) are employed to boost the
signal on both sides of antennae. A horn antenna (50 GHz to
75 GHz) with 25-dBi gain radiates the 60-GHz radio signal
over the air while a symmetric horn antenna receives the signal
after 1.5-m wireless transmission. A 1-GHz envelope detector
(ED) down-converts the radio signal to the IF signal again. Then
a 5-GS/s ADC recovers the digital waveform. In the receiver
DSP, we first down-converts the IF signal to baseband signal.
After CP removal, S/P conversion, FFT and equalization with
a one-tap equalizer, we perform the decision and de-mapping,
which can be utilized to calculate the pre-FEC metrics such as
BER, generalized mutual information (GMI), and normalized
GMI (NGMI).

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Spectral Efficiency of the Signals

We utilize two pre-FEC thresholds in the analysis: 1) pre-FEC
BER equals to 3.8× 10−3 (HD-FEC) with 7% FEC OH (code
rate = 0.935) [22]; 2) NGMI threshold of 0.86 (ideal FEC) with
16.3% FEC OH (code rate = 0.86) [13], [23]. Considering the
rate loss is negligible, the spectral efficiency (SE) is expressed
as [6], [16]:

SE = H − (1−R) · log2M, (8)

where H is the target entropy, R is FEC code rate and M is QAM
order. We can observe that for higher FEC OH (lower FEC code
rate), the PS signal needs to increase H more significantly. In the
experiment, we choose PS 64-QAM signal (4.28 bits/symbol)
versus Uniform 16QAM, and PS 256 QAM (6.28 bits/symbol)
versus Uniform 64QAM. The SEs with the two FEC OH are
summarized in Table I. Note that with 3.8× 10−3 pre-FEC
threshold (OH 7%), the SE of the PS signal is slightly higher than
the Uniform signal. In the experiment, the DM rate losses of the
PS 64QAM and PS 256QAM are 0.038 bits/symbol and 0.098
bits/symbol, respectively. However, in our following analysis,
the PS signal with 7% OH (with higher SE) still shows sensitivity
gain compared with uniform signal.
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Fig. 4. (a) Convergence speed of the optimization algorithm (PS 64QAM, ROP = −1 dBm). PS 64QAM versus Uniform 16QAM. (b) SNR/Assigned entropy
over frequency with different algorithms at ROP of 0 dBm. (c) GMI over frequency with different algorithms at ROP of 0 dBm.

TABLE I
SE OF DIFFERENT SIGNALS WITH DIFFERENT FEC OH

TABLE II
COMPUTATIONAL COMPLEXITY SUMMARY

B. Compututional Complexity and Parameter Setting

In the following, we analyze the s complexity of the proposed
algorithm and it is summarized in Table II. Firstly, the number
of iterations is independent of the number of PS units, according
to the analysis in Section II.B. Therefore, we only need to study
the per-iteration cost for the algorithm. In each iteration, we
compute the error probability for each PS unit independently and
calculate the averaged Q factor twice, by taking the difference of
which we estimate the gradient. The computational complexity
scales linearly with N , the number of PS units in the system.
For each PS unit, we need to carry on the computation in Eq.
(2–5) for a given entropy level, which takes the computational
complexity scaling linearly with the QAM orderM . Overall, the
computational complexity for the algorithm is O(MN). The
computational complexity thus remains the same order as the
approach of allocating proportionally by Shannon’s formula.
It is worth noting that the computations in each channel and
the computation related to each (i, j) pair (Eq. (2–5)) can be
implemented in parallel, making it potentially fast with a hadr-
ware implementation.

In the experiment, we set η as 0.1 and ε as 10−9. The initial
entropy is chosen to be proportional to Shannon’s formula, in
order to yield a faster convergence. Firstly, we investigate the
number of steps (iteration) T based on the pre-measured SNR
in the setup. Fig. 4(a) demonstrates root mean square (RMS)
of the difference between the current allocated entropy vector
θt+1 and the allocated entropy vector θt in previous iteration
with the increasing of the iteration number T. The predicted Q
factor in every iteration is also presented, which aligns with the
trend of the RMS of entropy vector difference. One can note that
the variance of the Q factor is relatively small after 15 times of
iterations while the allocated entropy RMS converges when T is
around 20. In the experiment, T is fixed as 30 to ensure that the
convergence results are always achieved.

Moreover, by sweeping the PS unit size from 10 to 800
using the Shannon formula based algorithms, 10 subcarriers
per PS unit yields the best performance among the sweeping
regions. Note that one subcarrier loading might give better
entropy loading resolution but yield significant rate loss in our
experiment setup. Thus, to make a trade-off between entropy
loading resolution and rate loss optimization, PS unit size is
fixed as 10 subcarriers per unit in the following algorithm com-
parisons. Pre-FEC BER, GMI, and normalized GMI (NGMI) are
utilized to characterize system performance. The GMI denotes
the maximum number of information bits per transmit symbol in
the bit-interleaved coded modulation (BICM) AWGN auxiliary
channel, with ideal binary FEC decoding. The NGMI implies
the binary FEC code rate.

C. Performance Analysis

Firstly, the channel SNR distribution over frequency is pre-
measured through the EVM of training signal via [24]:

SNR = 1/EVM2. (9)

The training symbols are 20 QPSK symbols. Based on the
pre-measured SNR, we can compute the assigned entropy using
different algorithms. The Shannon formula based allocation
scheme allocates the entropies proportionally based on Shan-
non’s formula with a fixed total target entropy as shown below
[15], [16]:

Hj =
S ·H · log2 (1 + SNRj)∑

i

log2 (1 + SNRi)
, (10)
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Fig. 5. Experimental results of different algorithms. PS 64QAM vs Uniform 16QAM regarding (a) Pre-FEC BER versus ROP; (b) GMI versus ROP; (c) NGMI
over frequency. PS 256 QAM vs Uniform 64 QAM regarding (d) Pre-FEC BER versus ROP; (e) GMI versus ROP; (f) NGMI over frequency.

where Hj and SNRj denote allocated entropy (bits/symbol)
and pre-measured SNR of the jth PS unit, respectively. H is the
target averaged entropy of the whole data frame as indicated
in part A.The proposed algorithm is presented in Fig. 2(a) and
Section II.B.

Fig. 4(b) shows the allocated entropy result. The black curve
is the pre-estimated SNR curve of the channel. Both the pro-
posed optimization algorithm and the algorithm based on the
Shannon-Hartley theorem can track the SNR fluctuations over
the frequency and show similar shape to the SNR curve. Com-
pared with the algorithm based on the Shannon formula, the
proposed algorithm allocates more entropy for the data with
higher SNR while assigns less entropy for the data with lower
SNR. This is due to the modeling result (Section II. A) changes
the maximum supported capacity given a SNR.

On the other hand, we also compare the GMI over frequency
for different algorithms as presented in Fig. 4(c). The GMI trend
is similar to what we observed in Fig. 4(b). For the region with
higher SNR (e.g., 0 to 350 MHz), the proposed algorithm has
better GMI due to more allocated entropy.

Then we sweep the ROP and compare the sensitivity perfor-
mance of the algorithms. Fig. 5(a) to (c) present the performance
of PS 4.28 64QAM versus uniform 16QAM while Fig. 5(d)
to (f) show the performance of the PS 6.28 256QAM versus
uniform 64QAM. In the experiment, the pre-FEC BER is calcu-
lated using ML hard decision. NGMI utilizes the bit-wise log-
likelihood ratio and assumes an ideal binary FEC. In practice,
the pre-FEC characterization parameter depends on the specific
FEC scheme implemented in the system. For instance, pre-FEC
BER is utilized for HD-FEC while GMI is more suitable for
SD-FEC.

Fig. 5(a) shows that, compared with uniform 16QAM, the
Shannon formula based algorithm has a 1.2-dB ROP gain with

the BER threshold of 3.8× 10−3 while the proposed algorithm
shows a 1.8-dB gain. Note that the SE or information rate of
the PS signal is higher than that of the Uniform signal in this
case. The sensitivity gain could be higher if keeping the SE.
Fig. 5(b) illustrates the GMI versus ROP. In comparison to
the Shannon formula based algorithm, our proposed algorithm
shows an additional 0.18-bits/symbol improvement of GMI
value when the ROP ranges from −4 dBm to −2 dBm. When
the ROP is higher, the two algorithms gradually converge due
to saturation to its maximum supported entropy. The uniform
16QAM is always worse than the curves with entropy allocation.
Fig. 5(c) compares the NGMI performances over frequency for
three algorithms. Reference line of NGMI = 0.86 is provided.
PS-OFDM 64-QAM signal with the proposed algorithm has the
smoothest NGMI curve. The schemes with uniform 16QAM and
Shannon formula based algorithm cannot pass the 0.86 threshold
in some frequency regions. For the sharp “dip” of the Uniform
16QAM signal (where the signal has a very significant SNR
degradation such as ∼300 MHz or 550 MHz), the Shannon
formula based algorithm still shows a small “dip” while the
proposed algorithm shows a flat NGMI.

As for PS 256QAM versus uniform 64QAM, in comparison
to the Shannon formula based algorithm, the proposed algorithm
has a 0.5-dB sensitivity gain with respect to 3.8× 10−3 pre-FEC
BER threshold (Fig. 5(d)). As for GMI in Fig. 5(e), the proposed
algorithm also has better performance (0.7 bits/symbol GMI
improvement) while the Shannon based equation only shows
0.4 bits/symbol GMI enhancement. As illustrated in Fig. 5(f),
the channel response is smoother so the difference between the
Shannon formula based algorithm and the proposed algorithm
becomes smaller. Overall, the NGMI of the proposed algorithm
still lies above the Shannon formula based algorithm (blue
curve).
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V. CONCLUSION

In this paper, we have proposed a novel algorithm for en-
tropy allocation in the PS-OFDM mobile fronthaul link. The
closed-form expression of the pre-FEC SER versus SNR under
AWGN channel condition is derived. Based on the modeling
result, the optimization algorithm utilizes the pre-measured
SNR information and allocates the entropy intelligently using a
projected mirror descent algorithm with the pre-measured SNR
information. Experimental demonstration indicates a conver-
gence speed of 20 to 30 iteration times. The proposed algorithm
allocates more entropy for regions with higher SNR and less
entropy for regions with lower SNR. Furthermore, compared
with a simple Shannon formula based algorithm, the result also
shows a smoother NGMI performance, up to 0.25 bits/symbol
improvement of GMI value, and up to 0.6-dB sensitivity im-
provement with uneven frequency response. MAP detection
can further optimize the scheme with better performance. In
summary, the proposed algorithm is promising to extend the
link power budget or improve the signal quality in a fiber-mmW
converged fronthaul, especially in an uneven channel condition.

APPENDIX

The error probability of the corner symbols can be written
as [17]:

P (wrong|corner) = 1− P (correct|corner)

= 1− P
(
nI <

√
Eg&nQ <

√
Eg

)
= 1− P

(
nI <

√
Eg

)
· P
(
nQ <

√
Eg

)

= 1−
(
1−Q

(√
2Eg/N0

))2

= 2Q

(√
2Eg/N0

)
−Q2

(√
2Eg/N0

)
,

(11)

where Q is the Q function. Similarly, we can also obtain the
error probability of the symbol for edge case and inner case,
respectively [17].

P (wrong|edge) = 1− P
(
|nI | <

√
Eg&nQ <

√
Eg

)

= 3Q

(√
2Eg/N0

)
− 2Q2

(√
2Eg/N0

)
.

(12)

P (wrong|inner) = 1− P
(
|nI | <

√
Eg&|nQ| <

√
Eg

)

= 4Q

(√
2Eg/N0

)
− 4Q2

(√
2Eg/N0

)
.

(13)
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