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Abstract—A decoding algorithm for convolutional codes (CCs)
is proposed to eliminate the need for pilot symbols in short-packet
communication systems operating over a blockwise noncoherent
channel, i.e., a channel that introduces a random phase rotation
of the transmitted codeword block. The algorithm is tailored to
M-PSK modulations and applied to zero-tail terminated CCs. It
works by implementing a three-step Viterbi-based noncoherent
decoder, where the performance of a first blind decoding stage
is enhanced through a code-aided phase estimation (CPE) that
allows for correction of previous errors. In this framework, it
provides a gain of approximately 0.5 dB compared to a pilot-aided
decoder, with a manageable increase in complexity. Furthermore,
numerical results show a performance within a few tenths of a
dB from finite-length achievability bounds with both BPSK and
QPSK modulations.

Index Terms—Convolutional codes, blockwise noncoherent
channel, short-packet communication, Viterbi algorithm, code-
aided phase estimation.

I. INTRODUCTION

Numerous emerging wireless applications rely on the spo-
radic transmission of short data units. These include, for
example, smart metering networks, logistics and asset track-
ing, remote command links, and messaging services [1].
As a result, there has been growing interest in optimizing
short-packet communications, focusing on developing efficient
coding and decoding techniques that approach finite-length
performance limits [2]. Under short block-length constraints,
CCs have been shown to provide excellent performance in
coherent communications [3]-[5]. However, for short packets,
computing a channel estimate through pilot symbols intro-
duces significant overhead [6], [7]. To address this issue,
we propose a noncoherent decoder for terminated CCs that
operates without any pilot symbols, tailored to the blockwise
noncoherent channel [8]. It implements a modified version of
the Viterbi algorithm (VA) [9], where the transition metric
is derived by developing the likelihood function with an un-
known channel phase [10]. To further improve the performance
of the decoder, a code-aided phase recovery step is employed.
Once a codeword is received and decoded, the receiver decides
whether an error has been committed. In that case, the channel
phase is estimated through the incorrectly-decoded codeword,

R.S. and G.L. acknowledge the financial support by the Federal Ministry
for Research, Technology and Space (BMFTR) in Germany in the programme
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number: 16KISK022.

and a second decoding attempt is performed via VA with a
mismatched likelihood based on the phase estimate. Numerical
results show that the proposed approach is effective, yielding
a performance that approaches finite blocklength benchmarks
for the blockwise noncoherent channel, with remarkable gains
over standard pilot-assisted transmission (PAT) schemes.

The paper is organized as follows. Section II introduces the
basic notation for CCs, the blockwise noncoherent channel
model, and reference decoder architectures. In Section III,
the proposed noncoherent decoding algorithm is presented.
A finite blocklength achievability bound for the blockwise
noncoherent channel is described in Section IV. Section V
presents simulation results for the proposed decoder. Conclu-
sions are provided in Section VI.

II. PRELIMINARIES

We use uppercase letters for random variables, e.g. X, and
lowercase letters for their realizations, e.g. z. Bold letters
indicate vectors, e.g. ® = [z1,xa,...,z,]. We use || - || for
the [%-norm, (-,-) for the inner product, /- for the phase
of a complex number. We write CN(u,202) to denote a
complex Gaussian random variable with mean p and variance
202. We use Ula, b) for a uniform distribution over the right-
open interval [a,b). Moreover, [M] denotes the integer set
{0,1,..., M —1}.

A. Convolutional Codes

We consider (2,1,v) nonsystematic, nonrecursive CCs,
where the value v is the encoder memory, whereas 2 and 1
are the number of output and input bits to the encoder at
the different time instants. We evaluate the behavior of CCs
under zero-tail termination, denoting the corresponding block
codes as zero-tail terminated convolutional codes (ZTCCs).
We also explore the possibility of concatenating the CC with
an outer cyclic redundancy check (CRC) code with polynomial
generator defined as g(x) = go+g1 x+...4+gm X, and degree
m. We denote by K the number of information bits before the
encoding procedure (before the outer encoder, when present),
and by N the blocklength in bits. The number of sections in
the trellis is denoted by 7' = N/2. When no outer code is used,
the rate for (2,1,v) ZTCCs is
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When an outer CRC code is used, the rate is modified as

K

Ryr=—r— .
T AK+v+m)

We denote by C the binary linear block code resulting from
the termination of the CC (including the concatenation with
the outer code, when present). With a slight abuse of notation,
C will be also used to denote the codebook after modulation.

B. Blockwise Noncoherent Channel

We consider the blockwise noncoherent additive white
Gaussian noise (AWGN) channel model from [8], focusing
on the setting where the transmitted word is rotated by a
random phase ® ~U[—m, 7). The transmitted signal is M-
PSK modulated, that is, the channel input alphabet is X' =
{exp(j2nl/M) : £ € [M]}, where M indicates the modulation
order. We have

Y, =X+ 2, i=1,2,....n

where Z; ~ CN(0,202). Moreover n = N/log, M is the
blocklength after modulation. Note that the phase ® is constant
over a block of n channel uses. The channel law is
n
py|x,0(YlT, ¢) = HPY|X,<1>(Z/¢|$¢, ). (1)
i=1
The rate (including modulation) is R = Rzt log, M, and it is
measured in bits per channel use. We denote as E; the energy
of a symbol and E}, = F,/R the energy of an information bit.
The signal-to-noise ratio (SNR) is defined as Fj/Ny, where
Ny is the single-sided noise power spectral density.

C. Decoding

We consider three types of decoders: a genie-aided (GA)
decoder with perfect channel state information (CSI); a mis-
matched decoder that adopts (1) as the likelihood function,
replacing the actual channel coefficient with a noisy estimate;
and an optimal maximum likelihood (ML) decoder. The three
decoders are discussed in the following.

1) Genie-Aided Decoder with Perfect CSI

This decoder is provided with perfect knowledge of the
channel phase. According to the ML criterion, the decoder
returns

Tea = arg max Py |x,0 (YT, 9). 2
xTE

For ZTCCs w/o outer code, (2) can be efficiently implemented
by applying the VA to the code trellis. The GA decoder will
be used as a performance reference for our solution.

2) Mismatched Decoding with Pilot-Assisted Transmission

To deal with the uncertainty of the channel coefficient,
the typical approach is to append a pilot sequence to the
transmitted block. This knowledge is then used at the receiver
end to obtain an estimate of the channel state. This technique
is known by the name of PAT. We denote by L the length (in

channel uses) of the pilot sequence. Its introduction decreases

the rate to
n

n+ L

Denoting by ©, = (zp1,%p2,...,Tp ) the pilot sequence
and yp, = (Yp,1,Yp,2,---,Yp,1) its observation at the channel
output, the ML phase estimate using the pilot symbols is

Rear = R

¢=2h,
The mismatched decoder [11], [12] outputs
TpaT = arg HéaX py|x.o(y|T, 9). 3
xTE

As for the GA decoder, for ZTCCs w/o outer code, (3) can
be efficiently implemented by applying VA to the code trellis.
Note that PAT underlies a non-trivial tradeoff [7], [13]. On one
hand, a long preamble sequence may allow for an accurate
estimate of the phase, limiting the performance degradation
caused by the mismatched likelihood of (3). On the other hand,
it may cause a significant decrease in the rate, which becomes
utterly relevant when short packets are concerned. Indeed, the
use of a preamble causes an energy loss of 10log;,(1+ L/n)
dB, which may already become unacceptable for moderate
values of L and n.

3) Maximum-Likelihood Decoding
The ML decoder decides according to

Tyl = argmax py|x (y|z) “4)
xeC
where

pyix(¥le) = — / pyix.0(ylz, 8) do.

2 J_,

Under M-PSK modulation, (4) is equivalent to [8], [14]

ZyvL = argmax [{x, y)]|. 5)
xeC

i.e., the ML decision maximizes the noncoherent correlation
(NCC) between modulated codewords and channel observa-
tion. In contrast with (2) and (3), the rule defined by (4) —
or, equivalently, by (5) — cannot be efficiently computed via
VA. In particular, the impossibility of factoring the likelihood
py|x (y|x) into the product of marginals hinders the correct
use of any decoder that requires operating with such marginals.
This includes, among others, the VA [13].

III. NONCOHERENT VITERBI ALGORITHM

As discussed in Section II-C3, optimal ML decoding over
the noncoherent channel defined in Section II-B requires
evaluating (4), which cannot be performed by standard VA de-
coders. In the following, we address this issue by introducing
a noncoherent decoding algorithm that consists of three steps.
In the first step, inspired by [6], a suboptimal noncoherent
VA is used to obtain a candidate solution (Section III-A).
Secondly, this solution is validated either by an outer CRC
or by a suitably defined threshold test (TT), applied to the



cumulative metric of the Viterbi decoder (Section III-B). If
the first decision is rejected, a third step is performed in
an expectation-maximization fashion [15], [16]. This latter
stage introduces in fact a code-aided channel phase estimation,
followed by an additional parallel decoding attempt using M
different phase offsets.

A. Step 1: Noncoherent Viterbi Decoder

We next introduce a noncoherent Viterbi decoding algo-
rithm. This does not, in general, guarantee the solution of (4).
Nevertheless, in practice, the proposed decoder often succeeds
in recovering the transmitted sequence. Let us denote by \§~*
the branch metric at time ¢ for the state transition from state
s (at trellis section ¢ — 1) to state ¢ (at trellis section t),
t € [1,T]. Furthermore, we denote by A! the cumulative
metric in state 7 at trellis section ¢, and by A the set of
states in section ¢ — 1 that are connected with state 7 at trellis
section t. We introduce the partitioning & = [x1, T2, ..., Z7]
and y = [y1,¥2,...,yr|, where x; denotes the M-PSK
modulated label of an edge in trellis section ¢, and y; is its
corresponding observation at the channel output.

Under binary phase-shift keying (BPSK) modulation, x; is
composed by two BPSK symbols. Under quadrature phase-
shift keying (QPSK) modulation, x; is a single QPSK sym-
bol.! The algorithm traverses the trellis, performing the fol-
lowing operations:

1) Branch metric computation
M7= (@ )

where ;7% is the (modulated) edge label connecting
state s at section t — 1 to state ¢ at section t.
2) Path selection

§=arg max |A]_; +\;77|.
seN;

3) Cumulative metric update
Ay =A7 + N

For ZTCCs, the algorithm is initialized with A8 = 0, and
it terminates by computing the cumulative metric A (the
trellis starts and ends in the zero state when we assume zero-
tail termination). The suboptimality of the algorithm stems
from the second step, where the survivor at the ¢th node
in trellis section ¢ is selected based on a local optimality
criterion — namely, the partial NCC between [x1, Ta, .. ., x¢]
and [y1,Ys2, ..., y:] — which does not guarantee that &y will
“survive” until the final trellis section.

B. Step 2: Error Detection

After the first decoding step, error detection is performed
either (a) by checking whether the decoded word satisfies the
outer CRC code (if an outer code is used), or (b) by applying
a TT to the final cumulative metric. In the latter case, for

IThe general M-PSK case, with M > 4, can be treated by merging trellis
sections, so that the resulting edge labels can be represented by an integer
number of M-PSK symbols.

ZTCCs, the test accepts the Viterbi decoder decision if [A%| >
A, where A is a predefined threshold. Otherwise, an error is
declared.

C. Step 3: Code-Aided Phase Estimation

The third step is invoked if the solution identified by the
decoder in Step 1 fails the validation check of Step 2. Empiri-
cal evidence collected by Monte Carlo simulations shows that,
under M-PSK modulation, solutions that fail the test in Step 2
are likely to be close, in terms of Euclidean distance, to either
the transmitted codeword or a rotated version of it, where the
phase rotation is 27/, ¢ € [M]. Based on this observation, a
further decoding attempt can be performed by

1) Estimating the phase by means of the decoded codeword
as ¢ = £h, with h = (&, y)/||&]|2.

2) Performing M parallel mismatched decoding attempts via
VA, using as a phase estimate the angle ¢y = g{)+27r€ /M,
with ¢ € [M]. The output of the (th VA decoder is
denoted as

&y, = arg max Py |x,® (ylz, ¢r) -
xeC

3) Taking the final decision as

& = argmax |(y, s)|.
Le[M)]

Remark 1: Unlike blind phase recovery estimation algo-
rithms (e.g., the Viterbi-Viterbi algorithm [17]), followed by
multiple M-ary Viterbi decoding instances to resolve channel
phase ambiguity, our approach only resorts to the M-ary de-
coding instances when the initial decoding step fails. However,
the first decoding stage already yields a correct solution in
several cases. As a result, our method typically requires fewer
Viterbi decoding instances on average.

IV. FINITE BLOCKLENGTH ACHIEVABILITY BOUND

As a benchmark to assess the performance of the proposed
decoding algorithms, we consider the random coding union
(RCU) bound of [2], with the relaxation based on Markov’s
inequality (see, e.g., [18]). The bound has the form

e<[E [min {1, 2_L(X’Y)+”RH (6)
where
oz, y) = log pY|X(y|w)
’ *E [pyx (¥ X")]
and

(X", Y, X) ~ Px(z')py|x (y|z) Px (z).

In our case, the codebook distribution Px is uniform over
X". The bound of (6) represents an upper bound on the block
error probability achievable by the best code with rate R,
blocklength n (in channel uses), and codebook distribution
Px . For its evaluation, we resort to the Monte Carlo method,
replacing in (6) the statistical average with the sample average
(see, e.g., [19], [20]).



V. NUMERICAL RESULTS

In this section, we present numerical results from Monte

Carlo simulations for the [133,171] (v = 6) and [561, 753]
(v = 8) ZTCCs, with both BPSK and QPSK modulations. The
code dimension K is fixed at 64 bits. For PAT decoders, L is
set to 14 symbols (this number is the result of an optimization
performed by means of simulations).
The charts make use of the following shorthands: GA stands
for the approach of Section II-C1, where the decoder is
provided with the channel phase; PAT denotes the results
with mismatched decoding based on the estimated channel
phase (Section II-C2); NC-TT is used for the results of
the proposed noncoherent decoding algorithm, where error
detection is performed by TT; finally, NC-CRC denotes the
results obtained with the proposed noncoherent decoder, where
an outer CRC code is used for error detection. For NC-TT, the
threshold A has been empirically optimized for each code and
modulation, through a collection of values of |A%| via Monte
Carlo simulations for both correct and incorrect recovery of
the transmitted codeword. For NC-CRC decoders, employing
the v = 6 and the v = 8 ZTCCs, the CRC codes used have
generators

ax) =x'+x3+x+1 and go(x) =x*+1,

respectively. The CRC codes have been optimized with the
method in [21] to minimize the undetected error rate for the
specific ZTCC adopted, and, for our code parameters, they
correspond to those reported in [5, Table IIJ.

Figure 1 shows the codeword error rate (CER) vs. E},/Ny
for the different decoding schemes with ZTCCs and BPSK
modulation. We note that the proposed scheme provides a
coding gain of approximately 0.4dB and 0.6 dB compared to
PAT when the CRC code and the TT are used, respectively.
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Fig. 1. CER vs. E/Ng for ZTCCs with BPSK modulation.

Interestingly, the NC-TT decoder performs almost identically
to the GA decoder. As expected, the use of a CRC code
reduces the rate, leading to a smaller coding gain.

Figure 2 reports the results for ZTCCs with a QPSK
modulation. Here, the proposed decoder with CRC-based error
detection as well as the TT-based approach offer approxi-
mately a 0.5 dB coding gain over PATs. However, in this
setting, the noncoherent decoder does not attain the GA
decoder performance, maintaining a gap of around 0.5 dB at
the error rates of interest, with a slight advantage in favor of
the threshold-based solution. The result may be explained by
the smaller number of channel uses under QPSK signaling,
which intrinsically limits the accuracy of the phase recovery,
and by the inherent reduced robustness of QPSK constellations
to phase offsets when compared to BPSK constellations. It is
unclear whether the gap may be recovered by resorting to more
complex decoder architectures, i.e., list Viterbi decoders.

Figure 3 shows the minimum FE}/N, required to achieve
a target CER of 1073 as a function of the rate (in bits per
channel use). The figure includes the achievable information
rates predicted by the bound (6). The results show that PAT
always requires a higher SNR to achieve the desired CER, and
that it has a lower information rate compared to the proposed
algorithm, when CRC or TT-based error detection is used.
This is particularly noticeable for QPSK modulation. It is
important to observe that the noncoherent decoder with TT-
based error detection performs, with memory-8 ZTCCs, within
0.3dB from the RCU bound under BPSK modulation, and
within 0.6 dB from the RCU bound under QPSK modulation.

Remark 2: The trade-off between accuracy and complexity
is of the uttermost relevance in assessing the quality of the
decoder performance. The TT method, although providing
a lower CER than the CRC-aided one, requires a careful
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Fig. 2. CER vs. E}/Np for ZTCCs with QPSK modulation.
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selection of the threshold A. Its error detection is less accurate
than what a sufficiently high-order CRC guarantees, so that the
performance improvement has to be paid through a slightly
higher complexity, where the latter is intended as the number
of Viterbi instances per received word. Therefore, both options
being advantageous with respect to the PAT case, one may not
always be preferable to the other, and the choice has to be
made carefully considering each use case’s requirements.

VI. CONCLUSIONS

We proposed a novel decoding algorithm for convolutional
codes over the blockwise noncoherent channel, eliminating
the need for a pilot sequence to estimate the channel phase.
The proposed decoder is a modified version of the Viterbi
algorithm (VA), where the transition metric is derived by
developing the likelihood function with an unknown channel
phase. To further improve the performance of the decoder, a
code-aided phase recovery step is employed. When an error
detection algorithm declares an error after the first decoding
stage, a second decoding attempt is performed via VA with a
mismatched likelihood based on the phase estimate. Numerical
results show that the proposed approach is effective, yielding
a performance that approaches finite blocklength benchmarks
for the block-wise noncoherent channel, with remarkable gains
over standard pilot-aided schemes. The performance of tail-
biting terminated convolutional codes under this decoding
algorithm may be object of future studies.
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