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Abstract Time series data are widely prevalent in various Internet of Things (IoT) domains,
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such as industrial manufacturing, smart healthcare, and intelligent transportation. These data
often contain critical information such as user behavior patterns, system operating status, and fu-
ture development trends. Traditionally, the raw time series data collected by numerous terminal
devices are entirely transmitted to data centers, where computation-intensive data analysis and in-
telligent decision-making tasks are performed. However, as the volume of time series data con-
tinues to increase at an unprecedented rate, the centralized data processing paradigm brings tre-
mendous bandwidth pressure to conventional communication systems and fails to meet the low-la-
tency and high-reliability requirements of time-sensitive applications such as smart manufacturing
and intelligent transportation. To tackle these challenges, this paper proposes a novel heteroge-
neous federated semantic communication system designed for time series forecasting tasks. Un-
like traditional transmission methods, the proposed system leverages semantic communication
principles, aiming to extract and transmit task-relevant information. This strategy significantly
reduces communication overhead and achieves accurate forecasting-oriented time series transmis-
sion. One of the key contributions of this work is the design of a Multi-head Mixture Linear At-
tention (MMA) mechanism, which functions as the core component of the semantic encoders and
decoders. MMA is tailored for the efficient extraction of semantic information in time series data.
It combines the advantages of window attention and low-rank attention, enabling the modeling of
both global and local temporal dependencies in a lightweight manner suitable for deployment on
resource-constrained terminal devices. Another major challenge in semantic communication for
time series forecasting is the scarcity of knowledge among distributed devices. Variations in com-
putational capabilities and data distributions hinder the analysis and extraction of task-relevant se-
mantic information on each device. To overcome this, this paper introduces a Federated Embed-
ding (FedEmb) algorithm for effective knowledge sharing among heterogeneous devices.
Through introducing common knowledge in the semantic communication system, FedEmb ena-
bles efficient training of the semantic encoders across distributed devices and facilitates collabora-
tive inference without requiring direct access to raw data. This approach enhances model generali-
zation and robustness in heterogeneous environments. To further enhance the overall perform-
ance of the semantic communication system, a two-stage pre-training scheme based on self-super-
vised learning is proposed. By sequentially performing generative pre-training on semantic en-
coders and channel encoders, the system can capture rich task-relevant representations and learn
robust semantic features tailored to the forecasting objective. After that, the entire communica-
tion system undergoes joint optimization to ensure end-to-end performance improvement and a-
lignment between semantic encoding and downstream forecasting tasks. Extensive simulation ex-
periments are conducted on five real-world time series datasets to evaluate the proposed system.
The results show that FedEmb outperforms four state-of-the-art heterogeneous federated learning
algorithms, achieving superior knowledge sharing efficiency and significantly lower mean squared
error (MSE) in time series forecasting tasks. Furthermore, compared with six advanced semantic
and traditional communication systems., the proposed FedEmb-based Semantic Communication
(SC-FedEmb) system exhibits enhanced robustness, reduced transmission overhead, and the
highest forecasting accuracy under various real-world conditions. These findings demonstrate the
effectiveness of SC-FedEmb in addressing real-time forecasting needs in heterogeneous IoT envi-

ronments.
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F2 EMEBEBFIEEZEEITHEENFREHERTRERMRK. TED

fFH Bk SNR=0 2 4 6 8 10 12 14 16 18 20 G
FedEmb  0.3772  0.3759 0.3750 0.3747 0.3743 0.3742 0.3741 0.3740 0.3740 0.3739 0.3739  0.3747
I FedMD 0.3809  0.3794 0.3789 0.3784 0.3781 0.3780 0.3778 0.3779 0.3778 0.3778 0.3778  0.3784
. FCCL 0.3811  0.3797 0.3791 0.3786 0.3783 0.3782 0.3781 0.3781 0.3780 0.3780 0.3780  0.3787
FedHeNN  0.3821  0.3807 0.3798 0.3792 0.3788 0.3786 0.3784 0.3784 0.3783 0.3783 0.3782  0.3792
FedRep 0.3842  0.3830 0.3823 0.3820 0.3818 0.3815 0.3814 0.3814 0.3814 0.3813 0.3813 0.3820
FedEmb  0.3999  0.3904 0.3869 0.3842 0.3809 0.3767 0.3761 0.3760 0.3750 0.3745 0.3750 0.3814
FedMD 0.4043  0.3990 0.3895 0.3860 0.3845 0.3820 0.3804 0.3791 0.3788 0.3790 0.3780  0.3855
Fiiy A1) FCCL 0.4044  0.3992 0.3897 0.3862 0.3847 0.3809 0.3806 0.3793 0.3790 0.3792 0.3783  0.3856
FedHeNN  0.4035  0.3961 0.3933 0.3872 0.3855 0.3820 0.3803 0.3802 0.3788 0.3788 0.3792  0.3859
FedRep 0.4044  0.3980 0.3937 0.3917 0.3877 0.3844 0.3830 0.3834 0.3825 0.3824 0.3817  0.3884
FedEmb  0.4011  0.3918 0.3873 0.3835 0.3814 0.3780 0.3770 0.3756 0.3753 0.3751 0.3738  0.3818
FedMD 0.4080  0.3982 0.3905 0.3873 0.3841 0.3834 0.3813 0.3794 0.3793 0.3787 0.3785  0.3862
B3 FCCL 0.4082  0.3984 0.3907 0.3875 0.3843 0.3836 0.3815 0.3796 0.3795 0.3789 0.3787  0.3865
FedHeNN  0.4090  0.3984 0.3938 0.3875 0.3855 0.3824 0.3809 0.3804 0.3804 0.3797 0.3788  0.3870
FedRep 0.4054  0.3990 0.3939 0.3912 0.3880 0.3859 0.3852 0.3832 0.3826 0.3824 0.3824  0.3890
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{518 Bk SNR=0 2 4 6 8 10 12 14 16 18 20 -4 {E
FedEmb  0.2617  0.2596 0.2582 0.2574 0.2568 0.2565 0.2563 0.2561 0.2561 0.2560 0.2560 0.2573

— FedMD 0.2633  0.2612 0.2599 0.2592 0.2586 0.2583 0.2581 0.2580 0.2580 0.2579 0.2579  0.2591
- FCCL 0.2674  0.2656 0.2643 0.2637 0.2632 0.2629 0.2628 0.2627 0.2626 0.2626 0.2625 0.2637
FedHeNN  0.2661  0.2642 0.2630 0.2623 0.2617 0.2615 0.2613 0.2612 0.2611 0.2611 0.2610  0.2622

FedRep 0.2673  0.2654 0.2641 0.2635 0.2630 0.2627 0.2625 0.2624 0.2623 0.2623 0.2623  0.2634

FedEmb  0.3454  0.3239 0.3015 0.2910 0.2825 0.2763 0.2707 0.2644 0.2625 0.2612 0.2608 0.2855

FedMD 0.3522  0.3347 0.3175 0.3031 0.2936 0.2847 0.2753 0.2696 0.2687 0.2675 0.2647  0.2938

T il FCCL 0.3572  0.3281 0.3146 0.3039 0.2958 0.2813 0.2776 0.2730 0.2677 0.2655 0.2659  0.2937
FedHeNN  0.3566  0.3338 0.3174 0.3068 0.2945 0.2878 0.2757 0.2733 0.2690 0.2654 0.2645  0.2950

FedRep 0.3570  0.3415 0.3278 0.3110 0.3038 0.2896 0.2848 0.2832 0.2767 0.2745 0.2728  0.3021

FedEmb  0.3351  0.3116 0.3025 0.2892 0.2776 0.2728 0.2655 0.2639 0.2609 0.2590 0.2583 0.2815

FedMD 0.3531  0.3214 0.3056 0.2987 0.2863 0.2836 0.2778 0.2690 0.2672 0.2668 0.2649  0.2904

3t FCCL 0.3525  0.3214 0.3063 0.2999 0.2866 0.2842 0.2752 0.2747 0.2676 0.2664 0.2666  0.2910
FedHeNN  0.3463  0.3231 0.3105 0.2992 0.2902 0.2798 0.2756 0.2668 0.2669 0.2650 0.2666  0.2900

FedRep 0.3482  0.3218 0.3197 0.3022 0.2977 0.2847 0.2807 0.2786 0.2762 0.2727 0.2734  0.2960

R4 AMBEITFEIERTE Weather IBEEHHIRE

518 Bk SNR=0 2 4 6 8 10 12 14 16 18 20 RS SL(E]
FedEmb  0.2461  0.2458 0.2456 0.2455 0.2454 0.2453 0.2453 0.2453 0.2453 0.2453 0.2453  0.2455

— FedMD 0.2506  0.2502 0.2500 0.2499 0.2498 0.2497 0.2497 0.2496 0.2496 0.2496 0.2496  0.2498
- FCCL 0.2501  0.2497 0.2496 0.2494 0.2493 0.2492 0.2492 0.2492 0.2492 0.2491 0.2491  0.2494
FedHeNN  0.2492  0.2489 0.2487 0.2485 0.2485 0.2484 0.2484 0.2484 0.2483 0.2483 0.2483  0.2485

FedRep 0.2498  0.2493 0.2491 0.2489 0.2483 0.2488 0.2487 0.2487 0.2487 0.2487 0.2487  0.2489

FedEmb  0.2493  0.2505 0.2492 0.2474 0.2462 0.2463 0.2451 0.2450 0.2453 0.2452 0.2453  0.2468

FedMD 0.2556  0.2523 0.2550 0.2552 0.2513 0.2498 0.2504 0.2506 0.2508 0.2500 0.2496  0.2519

il FCCL 0.2551  0.2518 0.2545 0.2547 0.2508 0.2493 0.2499 0.2501 0.2503 0.2496 0.2491  0.2514
FedHeNN  0.2539  0.2517 0.2505 0.2494 0.2485 0.2496 0.2492 0.24838 0.2489 0.2485 0.2484  0.2498

FedRep 0.2551  0.2535 0.2516 0.2487 0.2499 0.2491 0.2489 0.2491 0.2485 0.2495 0.24838  0.2502

FedEmb  0.2498  0.2475 0.2477 0.2484 0.2469 0.2462 0.2456 0.2462 0.2454 0.2454 0.2452  0.2468

FedMD 0. 2600 0.2568 0.2563 0.2527 0.2522 0.2516 0.2502 0.2503 0.2498 0.2500 0.2499 0. 2527

ESin FCCL 0.2595  0.2563 0.2559 0.2521 0.2516 0.2512 0.2497 0.2498 0.2493 0.2495 0.2493  0.2522
FedHeNN  0.2582  0.2563 0.2515 0.2498 0.2497 0.2494 0.2491 0.2486 0.2491 0.2490 0.2490  0.2509

FedRep 0.2549  0.2520 0.2503 0.2496 0.2507 0.2498 0.2501 0.2499 0.2492 0.2485 0.2485  0.2503
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Background

Traditional communication technologies focus on bit-lev-
el transmission accuracy. overlooking the inherent semantic
features in source data, resulting in significant consumption
of communication resources and weak real-time data analy-
sis. Semantic communication emerges as one of the most
promising techniques in 6G networks. Unlike traditional
communication methods, semantic communication allows a
transmitter to extract semantic information from source data
and send task-oriented features to receivers. However, exist-
ing research mainly focuses on image and natural language
data, which can usually be analyzed and processed using con-
ventional algorithms such as CNN, RNN, and vanilla Trans-
former. In contrast, time series data normally exhibit perio-
dicity, trends, and redundancy and contain noise interfer-
ence. Existing research hardly considers these characteristics
of time series data, leading to unnecessary consumption of
communication resources and data processing efficiency re-
duction.

To achieve forecasting-oriented time series transmis-
sion, this paper constructs a heterogeneous federated seman-
tic communication system for time series forecasting. By ex-
tracting and transmitting task-relevant semantic information
of time series data from different devices, the efficiency of
data transmission is improved, enabling joint inference
among heterogeneous devices. To address the complex de-
pendencies in time series data and enhance encoding efficien-

cy, this paper designs a Multi-head Mixture Linear Attention
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(MMA) time series encoding and decoding model to analyze
the locality, periodicity, and redundancy characteristics of
time series data. Additionally, a time series transmission
scheme based on trend-seasonal decomposition is proposed to
achieve robust time series transmission. To solve the prob-
lems of knowledge scarcity, low training efficiency, and poor
inference performance among heterogeneous encoding models
in distributed systems, this paper designs a Federated Em-
bedding (FedEmb) algorithm to realize knowledge sharing a-
mong heterogeneous encoding models, ensuring the overall
performance of the distributed semantic communication sys-
tem. To improve training efficiency and system perform-
ance, this paper designs a two-stage pre-training paradigm
for time series forecasting and feature reconstruction based
on self-supervised learning in the semantic communication of
time series data. It enhances the performance of time series
semantic encoding and channel encoding models, thereby im-
proving the accuracy of time series forecasting tasks at the
receiver side. Simulation results prove that SC-FedEmb dem-
onstrates excellent performance in time series forecasting
tasks at the receiver side, surpassing six state-of-the-art
baseline models with the lowest forecasting errors.
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