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Convolutionally Coded SNR-Adaptive Transmission for
Low-Latency Communications

Mehmet Cagri Ilter * and Halim Yanikomeroglu

Abstract—TFifth generation new radio aims to facilitate new use cases
in wireless communications. Some of these new use cases have highly de-
manding latency requirements; many of the powerful forward error correc-
tion codes deployed in current systems, such as the turbo and low-density
parity-check codes, do not perform well when the low-latency requirement
does not allow iterative decoding. As such, there is a rejuvenated interest in
noniterative/one-shot decoding algorithms. Motivated by this, we propose a
signal-to-noise ratio-adaptive convolutionally coded system with optimized
constellations designed specifically for a particular set of convolutional code
parameters. Numerical results show that significant performance improve-
ments in terms of bit-error-rate and spectral efficiency can be obtained
compared to the traditional adaptive modulation and coding systems in
low-latency communications.

Index Terms—Low-latency communications, convolutional codes, con-
stellation design.

I. INTRODUCTION

Minimizing error rates has been principal goal in wireless system
design for decades. Infinite-length code blocks are commonly assumed
in capacity calculation for any given transmission system and the inven-
tion of the capacity-approaching/achieving codes such as; turbo, LDPC
and polar codes have been among the key developments in this field.
However, NR has been introduced the low-latency use cases where
different packet sizes, code rates and the robustness in performance
against various fading effects are desired characteristics along with
acceptable encoder/decoder complexity [1]. For instance, spatially cou-
pled LDPC code has been developed for low-latency communications
[2]; they are performed well at short-to-moderate packet sizes.

Constellation shapings is one of the popular radio access network
(RAN) solution for capacity maximization which are based on either
using non-uniformly located symbols (geometrical shaping) or non-
equally probable symbols (probabilistic shaping) [3]. In the absence of
optimization as a tool, most earlier constellation shaping works have
been confined to cases in which the possible signal point locations were
located on regular lattices [4] or which had other restrictive constraints.
With the utilization of the optimization techniques, constellation shap-
ing has increasingly been studied through the use of optimization
techniques [5]—[7], and non-uniformly spaced constellations dedicated
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to different transmission models emerge in the wireless standards with-
out any regular grid constraint. Interestingly, it was also proven that
the usage of uniformly spaced constellations can cause suboptimal
performance in HSPA, IEEE.802.11.a/g/n, DVB-T2 and DVB-S2
standards [8]. It is also shown that the capacity loss resulting from the
conventional uniform quadrature amplitude modulation (QAM) con-
stellations increases with larger SNR values over bit-interleaved coded
modulation (BICM) cases [9]. The use of non-uniform constellations
also emerges in video broadcasting standard, ATSC 3.0, which might
be the first major broadcasting standard where non-uniform constella-
tions are deployed [10], and has been proposed in 5G NR framework
studies [11], [12].

Considering low-latency use cases with existing delay constraint
and shorter block sizes in packet communications, a simple design
along with robustness of various fading conditions appears as key
objective starting from the rise of NR concept [13] where previously
used capacity-approaching codes in the standards cannot tackle
desired latency requirements due to iterative decoding process [14],
[15]. For instance, the advantage of convolutional encoders over the
capacity-approaching codes under strict delay constraint was presented
in [16]. Furthermore, it was interestingly shown that even polar codes
have became less preferable than convolutional encoders in particular
packet size and system complexity requirements [17]. At this point, we
aim to propose a framework which makes convolutional encoder more
attractive for the use in mentioned low-latency use cases. Specifically,
proposed convolutionally coded model offers the use of various
SNR-adaptive optimized constellations which strengthens low-delay
advantage of one-shot convolutional decoding with performance gain
obtained from channel and encoder-based design over Nakagami-m
channel.

The remainder of the paper is organized as follows: In Section II,
a detailed description of the process for finding SNR-adaptive opti-
mized irregular constellations is given. Then, Section III introduces
SNR-adaptive convolutionally coded transmission model where
optimized constellations for each SNR value are used and a new
approach for constructing modulation and coding schemes along with
those SNR-adaptive constellations is introduced. Section IV presents
the performance enhancements in terms of spectral efficiency and
decoding latency obtained from the proposed framework. Section V
concludes on the findings.

II. IRREGULAR OPTIMIZED CONSTELLATIONS

Error performance analysis of convolutional encoder is mainly
based on the generating function which is calculated from the state
transition diagram of the encoder. In general, the all-zero sequences are
assumed to be transmitted in the generating function calculation over
quasi-regular (QR) cases; however, many systems can be found to be
irregular, especially when the encoders are paired with non-uniformly
spaced constellations [18]. Motivated by the fact that being QR is
not associated with either better or worse error performance, we first
summarize the error performance calculation for the convolutional
coder which enables search for optimized symbol locations without
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any predefined assumption on their locations over integer-valued
Nakagami-m fading channels.!

A. Error Bound Over Irregular Constellation Cases

Initial step for the calculation of upper bound on bit error rate (BER),
Py, upper bound, via the product-state matrix technique is constructing
the product-state matrix, S for a given encoder. Its particular entry of
S, S(u.v),(u,5) can be expressed as

S(u,v)v(ﬁ,f) = Pr(u - ﬂ|u) ZpnIW(H_W)OW(U_m)D(u,v)v('li,f)’

()]
where the summation in (1) is over all the possible n parallel transitions
and 7 is a dummy variable which disappears before the derived upper
bound expression. Pr(u — @|u) is the conditional probability of a
transition from state u to state @ given state u, and YW (i — j) denotes
the Hamming weight of the information sequence for the transition
fromi to j, where i € {u, v} and j € {u, v} [20]. Herein, D, .) (a,5)
can be interpreted as the Chernoff bound for the probability of decoding
the erroneous transition v — o rather than the correct one © — « under
maximum likelihood (ML) decoding [21], and it can be formulated as
(18]

Diu (a) = (1+Q[s — 8/(4Ngm)) ", )

with s, § € x(m,7) for integer-valued Nakagami-m fading scenarios
and N, is noise variance. Herein, m is the fading parameter, 2 is the
average fading power, and x (m,?) denotes the constellation used for
given m and the average received SNR value, 7. After obtaining each
entry of S based on (1) and suitable ordering the product-states based
on their classifications [19], S can be written in the form of [21]

S
ﬂ : 3)

Sss

Sce

Ssg

then, the generating function, 7' (D, Z), can be formulated as [21]

10
P, < 7871T Sggl + (1T SgB)T [I — 853]718591 s (4)

I=1

where 1 and I denote the unity and identity matrices, respectively.

B. Particle Swarm Optimization

In order to determine symbol points locations which give the
optimal performance for a given set of system parameters (m,?), the
optimizer uses an metaheuristic evolutionary technique which is based
on swarm intelligence. Particle swarm optimization (PSO) technique
is chosen in this study because of its less computational load and fewer
tuning parameters as compared to other evolutionary algorithms. The
PSO already preferred in implementing the optimization framework in
wireless systems, for instance the radio planning algorithm in the long
term evolution (LTE) systems [22].

The PSO optimizer requires the following parameters before going
through the constellation search: the fading parameter m, the average

'A complete framework of convolutional encoder along with irregular con-
stellations over arbitrary Nakagami-m fading parameter can be found in [19].
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fading power (2, the modulation order M, the swarm size P, and
optimizer parameters (r, 72, w, Nier). After initializing the positions
of P particles’, x?, and their velocities, v?, the fitness value of each
particle is calculated from (4). Then, the best value of the swarm, gg,
which is the one giving the minimum value of P,, is calculated. The
velocities and positions of the particles are updated as follows:

n

D A (5a)

n—1

v = v;"" + re (gi”’l - :L';"l) + 1roey (g;j’l — ) . (5b)

Calculations of (4) are carried out by considering these updated val-
ues and the ones giving the lowest P, values are kept as the updated
particles. At the end of Nth iteration, the :L';f\;”” " yields to the optimized
irregular constellation, x(m, 7). The used parameters for constellation
search can be found in [23]. Throughout the search for symbol point
locations, the following constraint on the symbol point locations is only
taken into account, which guarantees the average transmitted symbol
energy cannot exceed the average energy constraint, F; it is given by,

M1
iizN&F<EM&ECNL (6)
i=0
Since the optimized constellations x(m,?) vary depending on (7, m)
and the encoder properties, each constellation need to be stored along
with a label of corresponding 7 and m values for future use in the
transmission. By this way, an appropriate x (m,7) can be used in the
transmitter based on the channel information from the receiver when
transmission occurs in a given convolutionally coded scenario.

C. SNR-Adaptive Irregular Constellations

Before the mathematical proof presented in [24], the regular simplex
constellations were considered as the unique constellation choice which
maximize the minimum distance for a given constellation [25] for
uncoded scenarios. Then, it was proven that one constellation might
not be optimal for all SNR values. With the inspiration from uncoded
scenarios, the examples of deploying multiple constellations which
vary based on received statistics can be seen recent communication
standards such as; ATSC 3.0 digital video broadcasting standard [10]
and fiber-optical communications [7].

Since the proposed model aims the robustness against varying chan-
nel conditions, the optimizer requires to perform its search for opti-
mized constellations, x (m,7) for a given m parameter and chosen 7
values in a given interval 5 € [¥;,7,] along with implicitly consider-
ing encoder type and puncturing pattern if it exists. Meanwhile, a set
of optimized constellations, x (m,7¥) for different values of (7, m) is
kept in look-up tables for future-use as illustrated in Fig. 1.

II. SYSTEM MODEL
A. SNR-Adaptive Convolutionally Coded Transmission

Basically, the SNR-adaptive convolutionally coded transmission
model is given in Fig. 1. The information bits belonged by Ith
frame b; = [b;; - - - by, v, | are encoded (one frame has IV, information
bits) and the encoded bits, ¢, = [¢;,1 -+ ¢ n, ], are fed to the bit-to-
symbol mapper in which transmitting symbols with a length of N,
s = [si 1, , s N, ], are assigned from y(m,7). The fading coeffi-
cients of the channel for /th frame, h; = [h; 1, -+ , hy x,], is modeled
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Fig. 1. Convolutionally coded SNR-adaptive transmission model.

by frequency non-selective Nakagami-m fast fading model with a shap-
ing parameter m and an average fading power 2. Then, the received
signal for the th symbol in the /th frame can be written as

T = hyisi g, @)

where n; ; is the additive white Gaussian noise (AWGN) sample with
zero-mean and Ny /2 noise variance per dimension, s;; € x(m,7%)
where the average received SNR can be explicitly defined as 7 =
QF, /Ny. Here, E; denotes the average symbol energy of x(m,?)
and (2 can interpreted as the path-loss term. Note that we assume that
the channel coefficient stays constant during one symbol transmission
and that each symbol is exposed to a different fading coefficient. In
the receiver side, soft-decision Viterbi decoding is used by assuming
that the perfect channel state information (CSI) and corresponding
constellation, x (m,?), are known throughout the decoding process.

B. New Approach for Constructing MCSs

Most existing modulation and coding schemes (MCSs) are based
on deploying a limited number of constellations compared to total
number of available MCSs. For instance, there are 15 different modu-
lation order and coding rate pairs where only 3 different constellations,
which are M-QAM constellations for M = {4, 16,64}, are used in
LTE systems and the one yielding the best throughput performance
under the certain block error rate threshold is selected during the trans-
mission [26]. While increasing available MCS options brings consid-
erable cost in computing and storage ability, higher number of MCSs
can be seen in more advanced systems, as in transmission protocols
with hybrid automated request (HARQ) where 27 MCS options are
available [27].

Considering described optimization framework for finding optimal
symbol point locations for SNR-adaptive irregular constellation, it has
become inevitable that the number of available constellation options
is equal to the number of available MCSs. To illustrate the differ-
ence of the proposed MCS construction technique from the existing
MCS framework, Fig. 2 gives a comparison over given three differ-
ent SNR intervals for the conventional MCS. In conventional cases,
the same constellation can be used over more than one MCS whereas
the proposed MCS design offers a wider range of optimized irregular
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Fig. 2. Basic principles of constructing conventional MCS (top) and the pro-
posed SNR-adaptive MCS (bottom) techniques.

TABLE I
MCSS FOR MONTE CARLO SIMULATIONS

MCS | Rate (R) | Modulation order (M)
1 172 16
2 3/4 16
3 3/4 64

constellations which are specifically found for corresponding system
parameter.

IV. SIMULATION RESULTS

Now, the performance of the proposed convolutionally coded SNR-
adaptive transmission is investigated in terms of simulated BER and
spectral efficiency (SE) values. In order to give a basic comparison
between convolutionally coded SNR-adaptive and SNR-independent
transmission models, a single-input single-output (SISO) system where
rate-1/2 convolutional encoder 5, 7] is employed is considered along
with three different modulation and coding schemes (MCSs) given
in Table I. In order to reach 3/4 coding rate, the puncturing patterns
[110;011]and [1101;01 1 1] are used for MCS-2 and MCS-3,
respectively [28].

A. Optimized Irregular Constellations

In order to motivate new approach for constructing MCSs along
with convolutionally coded SNR-adaptive transmission model, the
SEs are first plotted in Fig. 3 for N, = 920, m =2, m =4, and
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TABLE II
OPTIMIZED IRREGULAR CONSTELLATIONS X (7, 7[DB]) FOR 16-ARY SIGNALING CASES FOR §) = 1

MCS-1 MCS-1 MCS-2 MCS-2 MCS-1 & MCS-2
s; € x (m,7 [dB]) x (2,12 dB) x (2,18 dB) x (2,12 dB) X (4,18 dB) x-conventional

so — ‘0000° 0.1358 + 0.69347 0.1344 + 0.79681 0.4180 + 0.22187 0.4011 — 0.20217 0.3162 + 0.31627
s1 — ‘0001° 0.2277 + 1.10937 0.1378 + 1.06164 0.3164 + 0.94374 0.4224 + 0.82051 0.3162 + 0.94877
sz — ‘0010° 0.7812 + 0.21567 0.8691 + 0.1748: 1.0867 + 0.2580% 1.2082 — 0.14361 0.9487 + 0.31621
s3 — ‘0011° 1.1138 + 0.2908: 1.0965 + 0.18741 0.7577 4 0.99341 0.8400 + 1.0048: 0.9487 4 0.94871
sq4 — ‘0100° 0.1536 — 0.67391 0.0952 — 0.7598: 0.4231 — 0.18601 0.5018 + 0.1137: 0.3162 — 0.31621
s5 — ‘0101° 0.2018 — 1.1258¢ 0.1499 — 1.0601: 0.3569 — 0.93932 0.5327 — 0.8708: 0.3162 — 0.9487:
sg — ‘0110° 0.7925 — 0.23957 0.9095 — 0.1928: 1.1119 — 0.21797 1.0799 + 0.0848: 0.9487 — 0.31621
s7 — ‘0111¢ 1.1134 — 0.28047 1.0940 — 0.19702 0.8077 — 0.96581 0.8946 — 0.8777i 0.9487 — 0.9487
sg — ‘1000° —0.1485 4+ 0.72771 —0.1192 + 0.7983: —0.4002 4+ 0.16377 —0.3726 — 0.1073: —0.3162 + 0.31627
sg — ‘1001° —0.2129 4 1.12097 —0.1313 4 1.0539: —0.3536 + 0.89127 —0.4074 + 0.8057: —0.3162 4+ 0.94871
s10 — ‘1010° —0.7882 4 0.23511% —0.8882 4 0.18541 —1.0934 4+ 0.1829¢ —1.1578 — 0.16541 —0.9487 4+ 0.3162:
511 — ‘1011° —1.1099 + 0.308317 —1.0766 4 0.20047 —0.8106 + 0.9501¢ —0.8566 + 0.90387 —0.9487 4 0.9487:
512 — ‘1100° —0.1830 — 0.75367 —0.1663 — 0.81781 —0.3945 — 0.21047 —0.4892 4 0.08957 —0.3162 — 0.31627
s13 — ‘1101° —0.1653 — 1.12707 —0.1139 — 1.0711% —0.3249 — 0.93877 —0.4336 — 0.85461 —0.3162 — 0.94877
s14 — ‘1110° —0.8090 — 0.25947 —0.8722 — 0.20257 —1.0691 — 0.25987 —1.0589 + 0.13941 —0.9487 — 0.31627
s15 — ‘1111° —1.1028 — 0.24127 —1.1185 — 0.15741 —0.7736 — 0.99707 —0.8248 — 0.91077 —0.9487 — 0.94877
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Fig. 3. Spectral efficiency comparison with different rates: SNR-adaptive
optimized constellations vs. SNR-independent conventional M -QAM.

m — oo(AWGN) by using the formula [29], which is

SE = log,(M)(1 = (1 = P)"")R. ®)

By choosing the outer curves for each pair of SE curves, consider-
able spectral efficieny increase can be obtained by using the proposed
scheme. The variations in symbol point locations with respect to m and
7 can be easily seen in Table II.

Now, the performance evaluation of convolutionally coded SNR-
adaptive transmission model is represented by comparing it with LDPC
coded scenario where a LDPC encoder used in DVB-S2 and 802.16e
standard is employed [30]. To sustain the original simulation platform
in mentioned standard, IV, is chosen as 19200 bits and 64-QAM con-
stellation is used for SNR-independent cases over Rayleigh and AWGN
channels. It can be seen from Fig. 4 that SNR-adaptive transmission
model perform better than LDPC coded until four decoding iterations
(Q = 4) over AWGN channels and considering its implementation
complexity and decoding latency, SNR-adaptive transmission model

—© ~DVB-S2, LDPC, 64-QAM, rate-3/4, m=1,
— 8 -DVB-S2, LDPC, 64-QAM, rate-3/4, m=1,
DVB-S2, LDPC, 64-QAM, rate-3/4, m=1,
—& —DVB-S2, LDPC, 64-QAM, rate-3/4, m=1,
= = =MCS-3, SNR-independent 64-QAM, m=1
——=—MCS-3, SNR-adaptive, optimized 64-ary, m=1
—&—DVB-S2, LDPC, 64-QAM, rate-3/4, AWGN, Q=1
—5—DVB-S2, LDPC, 64-QAM, rate-3/4, AWGN, Q=2
DVB-S2, LDPC, 64-QAM, rate-3/4, AWGN, Q=4
—&—DVB-S2, LDPC, 64-QAM, rate-3/4, AWGN, Q=5
= = =MCS-3, SNR-independent 64-QAM, AWGN
——=—MCS-3, SNR-adapti imi 64-ary, AWGN

Fig. 4.
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can offer an alternative solution for low latency and low complexity
communications. For Rayleigh cases, the superiority of LDPC coded
transmission has been disappeared; then, fading parameter and average
SNR-based convolutionally coded transmission outperform for each
decoder iteration considered herein.

B. Decoding Latency Improvement

Latency can be defined as the time interval from the moment the
information sent from the transmitter to the completion of decoding
process. Then, decoding latency can be obtained by excluding en-
coding time and channel delay from overall latency. In Fig. 5, the
required 7 values to obtain different threshold BER values for MCS-3
are plotted as a function of decoding latency in order to represent the
advantage of the proposed SNR-adaptive transmission model in terms
of decoding latency. For measuring the decoding latency, the window-
length of back-search limit in Viterbi decoder, 7, is selected for all
mentioned cases [16]. The depicted curves show that the use of SNR-
adaptive irregular constellation also brings a considerable advantage
from decoding latency. It can be seen that the proposed SNR-adaptive
framework can offer lower decoding delays under the same required 7y
to reach the same BER target value, which are at least several hundreds
bits of lower decoding delays for given cases.

V. CONCLUSION

Non-iterative/one shot-decoding characteristic and superiority per-
formance under the certain decoding latency constraints motivate the
use of convolutional encoders in some 5G use cases where low-latency
communication and design complexity are the key criteria. Encouraged
from this motivation, convolutionally coded SNR-adaptive transmis-
sion model is proposed and in this adaptive construction, the symbol
locations vary with the received average SNR, channel characteristics,
as well as the encoder properties. From this perspective, the proposed
scheme allows working with different optimized constellations even
for that selected coding rate and the modulation order stay the same,
meanwhile it requires perfect knowledge of average link SNR and
used constellation both transmitter and receiver. Under the assumption
of perfect knowledge of them, it has been observed that considerable
gains can be obtained with higher modulation order and spectral
efficiency gains can be found in the order of 0.5-2.5 dB depending on
the modulation level and channel characteristics.

REFERENCES

[1] A. Sharma and M. Salim, “Polar code: The channel code contender for
5G scenarios,” in Proc. Int. Conf. Comput., Commun. Electron., 2017,
pp. 676-682.

[2] Y. Liu, Y. Li, and Y. Chi, “Spatially coupled LDPC codes constructed
by parallelly connecting multiple chains,” IEEE Commun. Lett., vol. 19,
no. 9, pp. 1472-1475, Sep. 2015.

[3] M. FE Barsoum, C. Jones, and M. Fitz, “Constellation design via capacity
maximization,” in Proc. IEEE Int. Symp. Inf. Theory, Jun. 2007, pp. 1821—
1825.

[4] G. Foschini, R. Gitlin, and S. Weinstein, “Optimization of two-
dimensional signal constellations in the presence of Gaussian noise,”
IEEE Trans. Commun., vol. COM-22, no. 1, pp. 28-38, Jan.
1974.

[5] J.-E. Porath and T. Aulin, “Design of multidimensional signal con-
stellations,” IEE Proc. Commun., vol. 150, no. 5, pp. 317-323, Oct.
2003.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 9, SEPTEMBER 2018

[6] A. Bin Sediq, P. Djukic, H. Yanikomeroglu, and J. Zhang, “Optimized
nonuniform constellation rearrangement for cooperative relaying,” IEEE
Trans. Veh. Technol., vol. 60, no. 5, pp. 2340-2347, Jun. 2011.

[7] C. Hager, A. Graell i Amat, A. Alvarado, and E. Agrell, “Design of
APSK constellations for coherent optical channels with nonlinear phase
noise,” IEEE Trans. Commun., vol. 61, no. 8, pp. 3362-3373, Aug.
2013.

[8] M. T. Malik, M. J. Hossain, and M.-S. Alouini, “Generalized BICM-T
transceivers: Constellation and multiplexer design,” in Proc. IEEE Int.
Symp. Pers., Indoor, Mobile Radio Commun., 2013, pp. 466—470.

[9] J. Zollner and N. Loghin, “Optimization of high-order nonuniform QAM
constellations,” in Proc. IEEE Int. Symp. Broadband Multimedia Syst.
Broadcast., Jun. 2013, pp. 1-6.

[10] N.S. Loghin, J. Zollner, B. Mouhouche, D. Ansorregui, J. Kim, and S. L.
Park, “Nonuniform constellations for ATSC 3.0,” IEEE Trans. Broadcast.,
vol. 62, no. 1, pp. 197-203, Mar. 2016.

[11] R1-1611543, “Performance of nonuniform constellations in NR,” Sony,
Reno, NV, USA, Tech. Rep. RAN1#87, Nov. 2016.

[12] R1-1701713, “Signal shaping for QAM constellations,” Huawei, HiSili-
con, Athens, Greece, Tech. Rep. RAN1#88, Feb. 2017.

[13] 3GPP, “Study on scenarios and requirements for next generation access
technologies, 38.913,” 3GPP: Tech. Specification Group Radio Access
Netw., Sophia Antipolis, France, Tech. Rep., Mar. 2016.

[14] C.Rachinger, J. B. Huber, and R. R. Mller, “Comparison of convolutional
and block codes for low structural delay,” IEEE Trans. Commun., vol. 63,
no. 12, pp. 46294638, Dec. 2015.

[15] A.R. Williamson, T. Y. Chen, and R. D. Wesel, “Variable-length convolu-
tional coding for short blocklengths with decision feedback,” IEEE Trans.
Commun., vol. 63, no. 7, pp. 2389-2403, Jul. 2015.

[16] S. V. Maiya, D. J. Costello, and T. E. Fuja, “Low latency coding: Con-
volutional codes vs. LDPC codes,” IEEE Trans. Commun., vol. 60, no. 5,
pp. 1215-1225, May 2012.

[17] I. Parvez, A. Rahmati, I. Giiveng, A. I. Sarwat, and H. Dai, “A survey
on low latency towards 5G: RAN, core network and caching solutions,”
2017. [Online]. Available: http://arxiv.org/abs/1708.02562

[18] M. C.Ilter, H. Yanikomeroglu, and P. A. Dmochowski, “BER upper bound
expressions in coded two-transmission schemes with arbitrarily spaced
signal constellations,” IEEE Commun. Lett., vol. 20, no. 2, pp. 248-251,
Feb. 2016.

[19] M. C. Ilter, P. A. Dmochowski, and H. Yanikomeroglu, “Revisiting er-
ror analysis in convolutionally coded systems: The irregular constella-
tion case,” IEEE Trans. Commun., vol. 66, no. 2, pp. 465-477, Feb.
2018.

[20] J. Shi and R. D. Wesel, “Efficient computation of trellis code generat-
ing functions,” IEEE Trans. Commun., vol. 52, no. 2, pp. 219-227, Feb.
2004.

[21] E. Biglieri, “High-level modulation and coding for nonlinear satellite
channels,” IEEE Trans. Commun., vol. COM-32, no. 5, pp. 616-626, May
1984.

[22] H. Ghazzai, E. Yaacoub, M.-S. Alouini, Z. Dawy, and A. Abu-Dayya,
“Optimized LTE cell planning with varying spatial and temporal user
densities,” IEEE Trans. Veh. Technol., vol. 65, no. 3, pp. 1575-1589, Mar.
2016.

[23] S. Ebbesen, P. Kiwitz, and L. Guzzella, “A generic particle swarm opti-
mization MATLAB function,” in Proc. Amer. Control Conf., Jun. 2012,
pp. 1519-1524.

[24] M. Steiner, “The strong simplex conjecture is false,” IEEE Trans. Inf.
Theory, vol. 40, no. 3, pp. 721-731, May 1994.

[25] J. Massey, “Towards a proof of the simplex conjecture,” Shannon Lecture
at the IEEE Int. Symp. on Inf. Theory, Jun. 1988.

[26] C. Mehlfiihrer, M. Wrulich, J. C. Ikuno, D. Bosanska, and M. Rupp,
“Simulating the long term evolution physical layer,” in Proc. IEEE Eur.
Signal Process. Conf., 2009, pp. 1471-1478.

[27] S. Park, R. C. Daniels, and R. W. Heath, “Optimizing the target error
rate for link adaptation,” in Proc. IEEE Global Commun. Conf., 2015,
pp. 1-6.

[28] M.-G. Kim, “On systematic punctured convolutional codes,” IEEE Trans.
Commun., vol. 45, no. 2, pp. 133-139, Feb. 1997.

[29] J. H. Yun, “Throughput analysis of IEEE 802.11 WLANs with automatic
rate fallback in a lossy channel,” IEEE Trans. Wireless Commun., vol. 8,
no. 2, pp. 689-693, Feb. 2009.

[30] G. Bocherer, E. Steiner, and P. Schulte, “Bandwidth efficient and rate-
matched low-density parity-check coded modulation,” IEEE Trans. Com-
mun., vol. 63, no. 12, pp. 4651-4665, Dec. 2015.




<<
  /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 false
  /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


