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Parametric Design of Multi-Symbol Unitary Constellations for
Non-Coherent SIMO Short-Packet Communications

LI Shuang-zhi, LIU Ying-ying, LI Lu-qi, GUO Xin’
(School of Electrical and Information Engineering, Zhengzhou University, Zhengzhou, Henan 450001, China)

Abstract: To address the issues of high-order unitary constellation design and the high complexity of detection at the re-
ceiver, this paper focuses on non-coherent single-input multiple-output (SIMO) short-packet communication systems over
block Rayleigh fading channels. It proposes a low-complexity multi-symbol high-order unitary constellation parameterization
design method, aiming to efficiently exploit time-domain diversity in short-packet transmissions, improve system reliability,
and reduce design and detection overhead. Short-packet communication is one of the key technologies for supporting ultra-reli-
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able low-latency communication (URLLC). Due to limited transmission block lengths, traditional channel coding and coherent
detection schemes suffer from reduced spectral efficiency as they require allocating a large number of pilot symbols for chan-
nel estimation. Although non-coherent communication does not require instantaneous channel state information, the design
and maximum likelihood (ML) detection complexity of traditional unstructured unitary constellations grow exponentially with
the modulation order, making them difficult to apply in high-order modulation or latency-sensitive scenarios. To tackle this,
this paper introduces a parameterized and structured design approach. Under given transmission rate and average power con-
straints, the unitary constellation design problem is transformed into a mixed discrete-continuous optimization problem with
the objective of maximizing the minimum chordal distance (MCD) between different transmitted signals. The core of the pro-
posed method lies in recursively parameterizing the transmitted signal of the lengthL into a series of independent angle parame-
ters and phase parameters, assuming they belong to different constellation sets. This structural assumption not only decouples
the high-dimensional constellation point optimization problem into the optimization of a finite number of parameters, signifi-
cantly reducing the design complexity, but also establishes a structural foundation for implementing low-complexity recursive
detection algorithms at the receiver. Specifically, the paper proposes a two-step solution strategy that jointly optimizes bit allo-
cation and constellation structure: first, under a given bit allocation, it is derived that the optimal angle constellation should
have an arithmetic sequence structure, and the optimal phase constellation should be a uniformly distributed phase-shift keying
(PSK) constellation, based on maximizing the MCD property; Second, based on this structure, offline search is employed to de-
termine the optimal bit allocation for each parameter subspace, thereby maximizing the system’s MCD while ensuring structur-
al regularity. At the receiver, benefiting from the parameterization and structural independence of the constellation, the paper
further proposes a low-complexity recursive ML detection algorithm. This algorithm recursively decomposes the detection
problem of any symbol length into two-symbol detection, reducing computational complexity. Theoretical analysis shows that
the complexity of the proposed detection algorithm scales linearly with the sum of the constellation points in each parameter
subspace, avoiding the exponential growth with the total modulation order characteristic of traditional global search algo-
rithms. This makes it particularly suitable for high-order modulation and real-time short-packet communication scenarios. Sim-
ulation results demonstrate that compared to pilot-based quadrature amplitude modulation and PSK schemes, the proposed
structured unitary constellation achieves better block error rate (BLER) performance. Moreover, in high-rate scenarios, it fur-
ther enhances spectral efficiency by jointly utilizing the angle and phase dimensions. Meanwhile, the proposed recursive detec-
tor achieves BLER and bit error rate performances close to those of the global search detector, while reducing computational
complexity by over 95%. This validates its feasibility in maintaining excellent performance while achieving low-complexity
processing. The study provides an efficient and practical constellation design and detection scheme for non-coherent short-
packet communication in SIMO systems, contributing to the deployment and application of URLLC in practical systems.
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