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1. Abstract 
 
The availability of massive sensory dataset and high-performance computing and learning 
platforms shall make connected intelligence be a dominate feature in future 6G networks. 
Federated learning is a new revolutionary collaborative machine learning paradigm, which 
enables deep learning model training over a large volume of decentralized data residing in 
mobile devices without accessing clients’ private data. In particular, implementing federated 
learning in wireless networks becomes critical for a plethora of exciting data-intensive 
applications in 6G, including internet of everything, autonomous vehicles, tactile internet, 
sustainable cities, and e-health. The aim of this tutorial is to present the recent advances in 
distributed optimization and wireless networking technologies for designing the wireless 
federated machine learning systems. Specifically, the over-the-air computation for low-latency, 
private and secure federated learning is presented by exploiting the waveform superposition 
property of a multi-access channel. The advanced wireless networking technologies, including 
reconfigurable intelligence surface and unmanned aerial vehicle, will be comprehensively 
investigated to further improve the performance and robustness of over-the-air federated 
learning system. The effective resource allocations strategies for single-server, hierarchical and 
decentralized federated learning systems shall be proposed to address the challenges including 
non-identical data distribution, high-dimensional model parameters, heterogeneous and limited 
resources. The capability of the joint learning and communication framework for making a 
low-latency and energy-efficient wireless federated learning system will be highlighted.  
 
 
2. Intended audience 
 
This tutorial shall provide timely materials in the field of federated learning in wireless 
networks. The academic researchers in the fields of machine learning, wireless 
communications, and signal processing, as well as the individuals from industry who concern 
the standardization, hardware, and software of federated edge learning, may feel strongly 
interested in this tutorial. 
 

 
3. Objective and motivation 
 
Federated learning becomes a key enabling technology for the paradigm shift from “connected 
things” to “connected intelligence” in 6G. In this tutorial, we shall introduce various 
communication-efficient distributed federated learning algorithms with privacy and security 
guarantees, including zero-order, first-order, second-order algorithms. For over-the-air 
federated learning systems, the convergence analysis, transceiver design and channel 
estimation methods will be provided to achieve the low-latency, privacy and security in the 
learning process. For digital communication protocols enabled federated learning, a special 
attention will be paid on the resource allocations under various constraints such as the stringent 



computation, power, bandwidth, storage, and privacy guarantees. In particular, a novel joint 
learning-communication framework will be presented to minimize the latency and power 
consumption in the wireless federated learning system.  
 
 
4. Detailed outline of the tutorial 

 
In this tutorial, we shall introduce the system design for the over-the-air federated learning as 
well as the resource allocation strategies for wireless federated learning systems.  
 
Tentative Schedule: 

• Fundamentals of Federated Learning 
This part first provides an overview of various types of federated learning models, 
followed by various communication-efficient distributed and decentralized 
optimization algorithms with privacy and security guarantees. Two promising types of 
algorithms will be presented: 1) federated averaging algorithm with convergence 
guarantees; 2) decentralized learning algorithm with model consensus 
 

• Federated Machine Learning via Over-the-Air Computation 
We present various federated learning algorithms with emphasizing the model 
aggregation components via the principles of over-the-air computation, including 
federated averaging, multi-task learning, differential privacy, Byzantine-resilient 
federated learning. The challenges and solutions will be provided, including the device 
scheduling, transceiver design, local computation allocation and symbol-level 
synchronization. The promising wireless networking technologies will be also 
demonstrated, e.g., reconfigurable intelligent surface and unmanned aerial vehicle.  
 

• Delay Analysis and Resource Allocation in Wireless Federated Learning Systems 
Due to the randomness of channel fading and high-dimensionality of model parameters, 
it is challenging to derive the overall transmission delay of federated learning over 
wireless fading channels. On the one hand, this part shall present a unified delay 
analysis framework, where both the synchronous and asynchronous downlink 
transmissions are considered. We shall present a novel way to analyze the empirical 
distribution of the overall transmission delay. On the other hand, to address the 
challenges including non-identical data distribution, high-dimensional model 
parameters, and limited resources, the problem formulations for federated learning 
under different network architectures with different objectives, including energy 
efficiency maximization, transmission delay minimization, and training loss 
minimization, will be presented. The challenges and solutions to these problems will 
be discussed, including the joint optimization of the device scheduling, transmit power, 
channel allocation, computation frequency, and learning accuracy. The design insights 
obtained from the theoretical analysis and resource optimization will be discussed.   
 

• Conclusions 



We conclude this tutorial by summarizing the insights and guidelines on applying 
advanced optimization and wireless networking technologies for designing the low-
latency, private and secure federated learning system in 6G.  
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6. A brief description (up to 1 page) of the technical issues that the tutorial will 

address, emphasizing its timeliness 
 



This tutorial consists of three vignettes. The first involves mathematics of federated learning 
with emphasizing the learning models and algorithms with provable performance guarantees. 
We shall present various optimization algorithms to address the unique challenges in federated 
learning, e.g., communication bottlenecks, non-iid data, objective inconsistency, differential 
privacy and Byzantine attacks. The promising algorithms include federated averaging 
algorithm, federated split algorithm, sign gradient descent method, and decentralized federated 
algorithm.  
 
The second vignette is federated learning based on the over-the-air computation. The high-
dimensional model parameter of federated learning brings a unique challenge for designing the 
communication-efficient wireless federated learning systems. To address this challenge, we 
first present the principles of over-the-computation for fast model aggregation in federated 
learning by exploiting the waveform superposition property of a multi-access channel. The 
differential privacy and Byzantine-resilient over-the-air federated learning system will be also 
developed with convergence analysis and optimization. This is achieved by the joint design of 
the device scheduling, transceiver design, local computation allocation and symbol-level 
synchronization. The promising wireless networking technologies will be also demonstrated, 
e.g., reconfigurable intelligent surface and unmanned aerial vehicle, by reconfiguring the radio 
environments.  
 
The third vignette is federated learning based on digital communication protocols. To 
theoretically analyse the convergence time of federated learning over wireless networks, 
including both the uplink model aggregation time and the downlink model dissemination time, 
is challenging due to the following reasons. First, due to the high-dimensionality of the model 
parameters, the transmission time of each training model in both the uplink and downlink can 
be much longer than the channel coherence time and thus its distribution depends on multiple 
random variables. Second, due to the randomness of channel fading, the uplink transmission 
delays of different users are not necessarily aligned. We will introduce a unified framework to 
analyse the approximate delay distribution of federated learning over arbitrary fading channels 
by utilizing tools from saddle point approximation. Moreover, address the challenges including 
non-identical data distribution, high-dimensional model parameters, and limited resources, it 
is necessary to jointly optimize the communication and computation resources. Energy-
efficient and delay-aware federated learning systems need to be developed and optimized. This 
can be achieved by jointly optimizing the device scheduling, transmit power, channel 
allocation, computation frequency, and learning accuracy.  

 
 
7. Prior history of the tutorial presentations 

 
The speaker has been working on large-scale and distributed optimization for more than 8 
years, with published results covering various aspects, including different problem models, 
algorithm design, and theoretical analysis for wireless communications and machine learning. 
In particular, the speaker gave tutorials on sparse and low-rank optimization with applications 
in dense wireless networks at Globecom 2017 titled “Sparse and Low-Rank Optimization for 
Dense Wireless Networks: Models, Algorithms, and Theory”, and at ICCC 2018 titled 
“Generalized Sparse and Low-Rank Optimization for Ultra-Dense Networks: Models, 



Algorithms and Theory”. The speaker will also give the tutorial titled “Mobile Edge Artificial 
Intelligence: Opportunities and Challenges” at Globecom 2019.  
 
This tutorial instead focuses on novel applications on large-scale and distributed optimization 
techniques for designing federated machine learning in wireless networks, with emphasizing 
on novel system models, performance metrics, optimization algorithms and theoretical analysis.  
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