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Abstract

Native intelligence, the paradigm from embedding to bonding artificial intelli-
gence with wireless communication systems together, is crucial for rendering
scalable, low-latency, and high-efficiency services in next-generation communi-
cation systems. However, the complex nature of communication systems, such
as time-varying wireless channel statistics, user mobility, and massive connec-
tions, and the distributed data across the communication networks, renders the
conventional multi-agent training methods inefficient. This thesis proposes a
series of advanced distributed training frameworks from four perspectives.

First, a penalty-based Q-learning (PQL) scheme encourages agents in a multi-
agent reinforcement-learning (MARL) system to learn high-value actions first.
PQL stabilizes learning and outperforms learning-based baselines by more than
3% in HetNet power-control tasks reaching over 90% of the optimization solu-
tion performance. Second, a policy gradient (PG) based ADMM with second
moment (PASM) casts model sharing as a federated-learning (FL) optimiza-
tion problem, achieving faster convergence and around 20% higher test per-
formance in vehicle-to-everything (V2X) resource allocation scenarios. Third, a
rescale-invariant federated reinforcement learning (RIFRL) technique exploits
the node-wise invariance of deep neural networks by normalizing weight columns
before aggregation. This alignment enables 3 times faster convergence speed
and around 4% testing performance gain over the FedAvg-based FRL algo-
rithm in V2X scenarios. Finally, a neural collapse inspired deep supervised
FL algorithm (NCDSFL) aligns hidden features by fixing auxiliary classifier
weights at their NC solutions. The NCDSFL algorithm converges about 3 times
faster than the FedAvg algorithm, thus reducing communication rounds in the
OFDM signal detection scenario.
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Chapter 1

Introduction

This chapter introduces the thesis along with its backgrounds, motivations and
the overview, as well as some preliminaries of this thesis. Further details on
the four subtopics will be described in later chapters as required.
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1.1 Background and Motivation

Wireless communication systems have undergone rapid evolution over the
past several decades, marked by a series of milestone technologies that de-
fine each new generation, such as Wide-band Code-Division Multiple Access
(WCDMA), Orthogonal Frequency Division Multiplexing (OFDM), Multiple-
Input Multiple-Output (MIMO) and millimeter-wave communication [2–5]. The
upcoming 6G systems are expected to offer significantly enhanced features
compared with 5G, including much higher speeds, lower latency, and increased
capacity, with the potential to support applications like holographic communi-
cation and AI-driven services [6]. This raises the need for high-efficiency real-
time resource allocation and signal processing algorithms.

Conventional communication systems have several limitations that prevent
them from satisfying 6G requirements. Conventional communication systems
are usually divided into different modules and then optimized separately as
optimization problems based on specific requirements and aims. However,
these mathematical models can be inaccurate in real communication systems
due to non-ideal effects, such as nonlinearity of power amplifiers, time/fre-
quency offsets and phase noise, which are difficult to formulate by the math-
ematical models. In addition, even with ideal models, the formulated opti-
mization problems are usually non-convex and NP-hard [7]. To solve these
optimization problems, global channel state information (CSI) and centralized
iterative algorithms, which can find sub-optimal solutions with good perfor-
mance, are required [8, 9]. Nevertheless, they are impractical in real systems
because of the lack of global CSI and high complexity.

Deep Learning (DL) is a promising technique to address the aforementioned
challenges [10]. Compared with conventional model based methods, DL-based
methods can directly learn implicit information from the training data and
jointly optimize different communication modules wherever the gradient can
be propagated through, which cannot be expressed by mathematical models
and result in a performance gain. However, the performance of DL-based
methods is highly dependent on the quality of the training dataset. The dataset
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of wireless systems is usually different from that investigated in computer vi-
sion field. Wireless datasets are usually more complicated and distributed
across all wireless network entities. For example, the achievable rate has a
more complex expression than classification labels and this information with
its related CSI are distributed in each pair of transmitter and receiver. Col-
lecting all data over the network can be expensive and a violation of privacy.
This results in inefficiency of the training algorithms from the DL community.
Therefore, we use DL to develop low-complexity real-time distributed and ef-
ficient resource allocation and signal processing schemes for wireless commu-
nication systems and propose novel distributed training algorithms to train the
distributed intelligence for wireless systems from different perspectives.
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1.2 Literature Review

DL has been recognized as a powerful tool to enhance wireless communica-
tion systems from various perspectives, such as distributed resource alloca-
tion, networking and mobility management and signal detection [11–17]. Typ-
ically, DL can be classified into three major categories, supervised learning, un-
supervised learning and reinforcement learning (RL), based on their learning
paradigms [18].

Supervised learning learns the map from the input data to the ground-truth
label data. In wireless systems, the datasets are usually generated by simula-
tions. The deep neural network (DNN) in [10] learns the map from available in-
formation to desired sub-optimal solutions, which are generated by weighted
minimum mean-squared error (WMMSE) algorithm [8], in a NP-hard power
control problem. Similarly, the authors of [19] proposed to use DNN to learn
the behavior of Hungarian algorithm [20] to reduce the complexity. In [13], the
authors propose to use a DNN as the neural receiver for joint channel estima-
tion and signal detection in an OFDM system. In [14], the authors proposed us-
ing a channel estimation DNN to replace the interpolation procedure to exploit
implicit subcarrier correlations and obtained a performance gain over conven-
tional methods. End-to-end designs are later proposed in [15,16], where DNNs
are employed as both transmitter and receiver. All of these neural receivers
used transmit symbols as ground-truth labels to supervise the DNNs, which
are not always available in real wireless systems.

Unsupervised learning usually involves discovering hidden patterns or struc-
tures from unlabeled data, while in the context of wireless system applications,
unsupervised learning usually refers to directly optimizing the objective func-
tion that is related to system performance and thus does not need ground-truth
labels. The authors of [21] proposed to use DNN to directly maximize the
system sum-throughput in a data-driven unsupervised learning manner. By
leveraging the model knowledge, an iterative algorithm induced DNN was
proposed in [22] to solve the precoding problem in a MISO system, which un-
folds the WMMSE algorithm and introduces some learnable parameters. Simi-
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larly, the model-driven DNN in [23] efficiently allocates transmit power in cel-
lular networks addressing the interference management challenge. These algo-
rithms no longer need labeled data and can outperform the optimization based
iterative algorithms with lower complexity under some simulation conditions.
However, they still require a differentiable loss function, which is not always
available in real systems, such as system sum-throughput and its correspond-
ing gradient information.

In addition to supervised learning and unsupervised learning, deep RL (DRL),
especially multi-agent DRL (MADRL), as an effective tool in machine learning,
which does not require a differentiable reward function or labels for training,
has gained popularity in recent years and has been extensively employed to
solve various problems in wireless networks, such as network slicing and dis-
tributed resource allocation for vehicular networks [24]. There are two main
categories of DRL used in wireless communication systems, value-based DRL
and policy-optimization DRL.

Value-based DRL, such as those represented by Deep Q-Network (DQN), uses
a DNN to estimate the expected accumulated reward for each action at a given
state [25]. The authors in [26] have developed a MADRL based power con-
trol algorithm for homogeneous cellular networks, where a training center has
been employed to train the common DNN parameters for all agents, by ex-
ploiting information exchange among neighboring APs and UDs. DQN is also
extensively applied in resource allocation for vehicle-to-everything (V2X) net-
works. In [27], each vehicle is treated as an agent and makes decisions on sub-
spectrum and transmitted power selection with limited transmission overhead.
To address the scalability issue, the MADRL-based resource allocation scheme
in [28] allocates transmit power and sub-channels in a distributed manner in a
vehicle-to-vehicle (V2V) network, where fingerprint [29] is employed to stabi-
lize the multi-agent system. The MADRL algorithm is further enhanced in [30]
by graph neural networks.

Policy-optimization DRL directly learns a policy DNN to predict the action
for a given state [31]. The deep deterministic policy gradient (DDPG) algo-
rithm [32, 33] jointly allocates power and sub-spectrum for cellular networks
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in [34]. In [35], the actor-critic (AC) architecture with a continuous action space
is employed to jointly optimize transmit power, resource allocation, and UAV
trajectory in a joint radar and communication multi-UAV cooperative detection
scenario. The multiple-actor-shared-critic (MASC) method in [36] trains the
power control policy NNs deployed at each AP in the HetNet. In [37], DDPG
is employed to solve the power allocation in D2D-based V2V communications.
In [38], a proximal policy optimization [39] DRL algorithm was proposed to
optimize the phase-shift matrix of the reconfigurable intelligent surface (RIS)
in RIS-assisted full duplex 6G-V2X communications.

The performance of DL-based methods is highly dependent on the quality of
the training dataset. However, as mentioned in Section 1.1, in wireless com-
munication networks, data is typically distributed in a decentralized fashion,
as different entities generate and store different parts of the data. Consider-
ing the data privacy, this results in the local observability and data silos. To
address the challenges, federated learning (FL) is a promising technique and
has been applied to wireless communication scenarios [40, 41]. In a typical
FL system, there is a central server aggregating/broadcasting model param-
eters from/to the clients without raw data exchange. The aggregated model
integrates knowledge from the clients with partial observation on the wireless
environment and thus has good generalizability on the global wireless envi-
ronment. For instance, an online personalized FL algorithm is designed to col-
laboratively train the neural receiver among multiple cells [42]. However, the
local datasets of clients are usually heterogeneous due to users’ local observ-
ability, which can lead to slow convergence speed of the FL algorithm and thus
increase communication overhead [43].

In addition, FL can be used to train agents in a MADRL system, allowing
each agent to learn the knowledge beyond its observability without sharing
raw data while preserving privacy, which is termed as federated reinforce-
ment learning (FRL) [44–47]. For example, in [46], FRL trains agents for dy-
namic channel access and power control in a distributed manner while preserv-
ing user privacy and reducing communication overhead. A federated MARL
scheme in [47] optimizes the cellular sum rate and the reliability and delay
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requirements of V2V links, where the FL addresses the limitation of partial ob-
servability and accelerate the training process. A meta FRL framework was
proposed in [48] to distributively maximize energy efficiency while ensuring
quality of service for users in cellular networks. However, all the aforemen-
tioned works only exploit the most basic FL framework, the FedAvg algo-
rithm [40], which suffers from its independent and identically distributed (iid)
assumption on clients’ datasets and low aggregation efficiency. This can lead
to additional communication rounds and performance degradation when im-
plementing in real wireless systems.
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1.3 Thesis Overview and Contributions

Sixth generation (6G) communication systems are expected to be AI-empowered,
or native intelligent networks. Therefore, to address the aforementioned chal-
lenges in training native intelligent wireless networks, in this thesis, we inves-
tigated advanced distributed training schemes for native intelligent wireless
networks from different perspectives, i.e., better cooperation among agents,
more advanced optimization framework for FL, better model alignment and
better feature alignment.

In Chapter 2, we proposed a MADRL based power control scheme for the het-
erogeneous networks (HetNet), where each access point makes power control
decisions independently based on local information. To promote cooperation
among agents, we developed a penalty-based Q-learning (PQL) algorithm for
MADRL systems. By introducing regularization terms in the loss function, each
agent tends to choose an experienced action with high reward when revisiting
a state, and thus the policy updating speed slows down. In this way, an agent’s
policy can be learned by other agents more easily, resulting in a more efficient
collaboration process. We then implemented the proposed PQL in the con-
sidered HetNet and compared it with other distributed-training-and-execution
(DTE) algorithms. The simulation results show that our proposed PQL can
learn the desired power control policy from a dynamic environment where the
user locations change episodically and outperform existing DTE MADRL algo-
rithms.

In Chapter 3, we explored resource allocation in a V2X network under the
framework of FRL. Specifically, on one hand, the usage of RL overcomes many
challenges from the model-based optimization schemes. On the other hand,
FL enables agents to deal with a number of practical issues, such as privacy,
communication overhead, distributed learning, and exploration efficiency. The
framework of FRL is then implemented by the inexact alternating direction
method of multipliers (ADMM), where subproblems are solved approximately
using policy gradients and accelerated by an adaptive step size calculated from
their second moments. The developed algorithm, policy gradient based ADMM
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with a second moment (PASM), is proven to be convergent under mild con-
ditions and has a nice numerical performance compared with some baseline
methods for solving the resource allocation problems in a V2X network.

In Chapter 4, we further exploited FRL in V2X networks from a different per-
spective. The data discrepancy among individual agents can significantly de-
grade the performance of FRL-based algorithms. To address this limitation,
we exploited the node-wise invariance property of ReLU-activated neural net-
works, with the aim of reducing data discrepancy to improve learning perfor-
mance. Based on this property, we introduced a backward rescale-invariant
operation (BRIO) to develop a rescale-invariant FRL (RIFRL) algorithm, which
rescales the DNNs at all clients to reduce the model variance while keeping
their input-output maps unchanged. Simulation results demonstrate that the
proposed algorithm notably enhances both convergence speed and convergent
performance.

In Chapter 5, we investigated the signal detection scenario, where user devices
have local datasets characterized by different power delay profiles (PDPs). FL
is used to deal with this local observability issue while preserving data privacy.
In addition, to mitigate the impact of data heterogeneity, we proposed a Neural
Collapse inspired Deep Supervised Federated Learning (NCDSFL) algorithm
to reduce the communication rounds with little additional costs by adding a
regularization term to local loss function of each client. The NCDSFL exploits
the NC phenomenon that appears in the terminal phase of training and de-
scribes the optimality conditions for the penultimate hidden features and the
classifiers. The NC weights are used as fixed auxiliary classifiers and output
classifiers to guide the hidden features of different clients to converge to the
same subspaces characterized by the same set of NC weights. Moreover, we
defined the NC form for the multi-binary classification problem and proved
its optimality theoretically. Simulation results validate the NC phenomenon in
the considered multi-binary classification problem and show that our proposed
NCDSFL algorithm has more efficient aggregation step and thus converges sig-
nificantly faster than FedAvg algorithm.

In Chapter 6, we summarized conclusions of this thesis and discussed future
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research directions.

The key contributions of this thesis are a series of improved distributed training
algorithms for intelligent networks from four different perspectives, which can
be summarized as follows.

• We proposed the DTE PQL algorithm to solve the power control problem
in HetNets, which promotes the cooperation among agents by introduc-
ing a regularization term to the local Q loss function.

• We proposed the PASM algorithm, which incorporates the second mo-
ment, policy gradient and inexact ADMM, to train the MADRL system in
a FL manner for V2X systems.

• We proposed a RIFRL algorithm, which exploits the rescale invariant
property of ReLU activated DNNs to align client models, to train the
MADRL system for V2X systems.

• We proposed a NCDSFL algorithm, which exploits the NC phenomenon
and DS technique to align the hidden features with little cost, to train the
signal detection DNNs in a FL manner addressing the data discrepancy
challenge.

The following chapters 2-5 are based on three published papers [49–51] and
one manuscript [52] under review.
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1.4 Preliminaries

1.4.1 Policy Gradient

PG is an important policy optimization algorithm. It directly optimizes the pol-
icy to maximize the expected cumulative reward. Specifically, an RL problem
can be defined by a tuple < S,A, R, P, ω0 >, where S denotes the state space of
the environment, A is the action space, P (st+1|st, at) is the transition probabil-
ity function, R(at, st) is the reward function, and ω0(s1) denotes the initial state
distribution.

At time t, the agent takes its action at → A based on its policy ϖω(at|st) in
state st → S , where ω is a collection of the trainable parameters of the pa-
rameterized policy. The environment then returns a reward based on the re-
ward function, rt = R(at, st), and transits to the next state st+1 → S based
on the transition probability function P (st+1|st, at). Assume that each episode
consists of T time slots. Then we can write the trajectory of one episode as
ϱ = {s1, a1, r1, s2, a2, r2, . . . , sT , aT , rT}. The objective of the agent is to maximize
the expected cumulative reward over all possible trajectories by optimizing the
policy, i.e., to maximize,

J(ω) = Eω (G(ϱ)), (1.1)

where G(ϱ) =
∑

t
(rt(ϱ)) denotes the reward sum of trajectory ϱ . The probabil-

ity of trajectory ϱ , P (ϱ), is determined by the state transition probability, the ini-
tial state and the policy. More specifically, we can write Pω(ϱ) = C

∏
t
ϖω(at|st),

where C = ω0(s1)
∏

t
P (st+1|st, at) is a positive value determined by the state

transition probability and the initial state. Then we have,

J(ω) =
∑

ω

Pω(ϱ)G(ϱ). (1.2)
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By taking derivative, we have the following PG,

↑εω
J = ↑εω

∑

ω

Pω(ϱ)G(ϱ)

=
∑

ω

G(ϱ)↑εω
Pω(ϱ)

=
∑

ω

Pω(ϱ)G(ϱ)↑εω
logPω(ϱ)

↓ Eω (G(ϱ)
∑

t

↑εω
log ϖω(at|st)).

(1.3)

With the estimate of PG (1.3), we are then able to directly optimize the policy
via stochastic gradient ascent methods.

1.4.2 Federated Learning

FL is a distributed training paradigm, which allows multiple parties, or clients,
to cooperatively train a machine learning model while ensuring data privacy
and security [40]. Therefore, in a typical FL architecture, data and the learning
process are distributed across the clients. Raw data are not exchanged. Instead,
clients transmit only model updates to a coordinating server. The shared model
aggregated from different clients learns from diverse datasets and thus usually
generalizes better than the model trained on a single client dataset.

Formally, a canonical centralized FL system has one server and K clients aim-
ing to learn a global model for all clients to minimize the total loss function
without raw data exchange. The learning process can be formulated as an op-
timization problem,

min
x,xk→F ,k→[K]

∑

k→[K]

L(xk;Dk),

s.t. x
k = x, k → [K],

(1.4)

where x
k, x, F and D

k denote the trainable local parameters at client k, the
shared global parameters, the feasible region, and the private dataset of client
k, respectively, L(·; ·) denotes the local loss function used to train the model
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locally and depends on the local parameters and the local dataset.

FL solves problem (1.4) in a distributed manner. Specifically, the learning pro-
cess repeats the following three key steps until the some terminating conditions
are met:

• Local update: Each client updates its local model based on its local parame-
ters and dataset by gradient descent, that is, xk,t+1 = x

k,t
↔ ςt

↑xk,tL(xk;Dk),
or other optimizers such as Adam [53]. ςt is a descending learning rate.

• Aggregation: After several local updates, all clients send their trained local
model parameters to the server. The server aggregates the models by aver-
aging the received parameters, i.e., x =

∑
k

|D→|∑
i
|Di|x

k,t+1.

• Broadcast: The server then broadcasts the aggregated global model to all
clients, and each client replaces its local model with the received global model.

This learning process is known as the FedAvg algorithm and has been theo-
retically proven to converge under the standard assumptions in non-convex
settings [54].
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Chapter 2

Distributed-Training-and-Execution
Multi-Agent Reinforcement
Learning for Power Control in
HetNet

In this chapter, we focused on promoting cooperation among agents in a multi-
agent deep reinforcement learning (MADRL) empowered Heterogeneous Net-
work (HetNet), where MADRL was employed to allocate power for each Ac-
cess Point (AP) in a distributed manner based on local observations about the
wireless environment. Specifically, we introduced a regularization term into
the local Q loss function, which penalizes the low-reward state-action pairs
during the training phase so that the agents tend to learn the Q value of high-
reward state-action pairs first. In this way, the agents’ policy updating speed
slows down, and the learning process is thus stabilized. The resulting penalty-
based Q-learning (PQL) algorithm promotes cooperation among agents with
the cost of additional regularization terms in the training. Simulation results
validate the effectiveness of our proposed PQL algorithm.
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2.1 Introduction

Modern wireless networks handle an enormous amount of data traffic to sup-
port a huge number of wireless devices with data-hungry applications like aug-
mented reality (AR), virtual reality (VR), machine learning services, and ultra-
high definition video streaming [55–57]. In conventional cellular networks, a
macro Base Station (BS) needs to provide access to the core network for all
User Devices (UDs) in the cell. To offload the heavy wireless traffic from those
macro BSs, Heterogeneous Network (HetNet) is a promising technique [58]. In
HetNets, different-tier Access Points (APs) coexist in one macro cell, where a
macro AP is deployed in the center of the cell. Small-cell APs, including femto-
cell and pico-cell APs, are deployed in the inner regions to offload data traffic
or at the macro cell edges to enhance the coverage. These densely deployed
low-power and low-cost small-cell APs can increase the spatial and the spec-
trum efficiency but suffer from severe cross-tier and co-tier interference. As a
result, interference management has attracted great research interest.

To suppress interference, various approaches including both conventional model
based methods and Deep Learning (DL) based methods have been developed
as we have reviewed in Section 1.2. However, conventional methods require
global Channel State Information (CSI) and high computational complexity,
and Deep Reinforcement Learning (DRL) based resource allocation algorithms
in the literature are Centralized-Training-and-Decentralized-Execution (CTDE)
schemes and require a training center to train the Deep Neural Networks (DNNs).
To address the above challenges, this chapter aims to develop a Distributed-
Training-and-Execution (DTE) power control algorithm based on Multi-Agent
Deep Reinforcement Learning (MADRL) for HetNets.

2.1.1 Specific Contributions of this Chapter

We study the power control problem in a single-antenna multi-tier HetNet,
where a macro AP is deployed in the center of the cell and several small-cell
APs are deployed within the macro cell to enhance the performance of cell-edge
UDs. A novel multi-agent penalty-based deep Q learning scheme is proposed

27



to carry out the DTE power control scheme for HetNet. Our main contributions
can be summarized as follows:

• We propose a MADRL-based DTE power control scheme for HetNets,
where each AP acts as an agent. Specifically, at each AP, a DQN is de-
ployed to determine the transmit power independently and simultane-
ously with some exchanged information from neighboring APs. The pro-
posed learning framework for HetNets can be trained and implemented
in a distributed manner and thus has good scalability.

• We propose a novel PQL for multi-agent reinforcement learning (MARL)
systems to promote cooperation among agents. In PQL, each agent tends
to choose an experienced action with high reward when revisiting a state,
and thus the policy updating speed slows down. Compared with the
MARL learning algorithms in [59, 60], which slow down the policy up-
dating speed by maintaining an averaged policy, PQL focuses on learn-
ing the high-reward experiences first and thus slows down the updating.
Therefore, it is easier for other agents to learn the policy of this agent and
thus results in a more efficient collaboration process. Compared with the
most basic MARL algorithm, i.e., independent Q learning (IQL) [61], PQL
only adds a few regularization terms in the loss function. Hence, there is
almost no extra cost to implement PQL than the basic IQL in a MARL
system. We develop both Q table based and DQN-based PQL for general
MARL problems.

• We implement our proposed PQL algorithm in the considered HetNet
and compare it with other DTE MARL algorithms. Simulation results
show that our proposed PQL can learn the desired power control policy
from a dynamic environment where the locations of UDs change episodi-
cally, resulting in a better performance compared with IQL and hysteretic
Q learning (HQL) [62].
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Figure 2.1: HetNet with two different tiers, which includes a macro-cell AP and
multiple small-cell APs

2.2 System Model and Problem Statement

We consider a distributed power control problem in a single-antenna HetNet
as illustrated in Fig. 2.1. Within a macro cell, several small cells are deployed
to offload transmission traffic or to enhance coverage. There are K APs and K

UDs denoted as k → K = [0, . . . , K ↔ 1], where AP 0 is the macro AP, and AP k

serves UD k. All APs within the macro cell share the same spectrum to serve
the K UDs and may cause interference to others. We consider a synchronized
system to simplify the interference model and all channels are modeled as block
fading as in [63]. The channel gain, including transmission-link channel gain
and interference channel gain, between AP k and UD m at time t is modeled as,

ht

m,k
=

√
φm,kg

t

m,k
, ↗m, k → K, (2.1)

where gt
m,k

→ C is the corresponding small-scale Rayleigh fading and φm,k is the
large-scale fading, which is determined by the path-loss and log-norm shad-
owing and remains unchanged over a long time period. We use Jakes fading
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model [64] for the small-scale Rayleigh fading update, which can be expressed
as follows,

gt
m,k

= ωgt↑1
m,k

+
√

1↔ ω2it
m,k

, ↗m, k,→ K (2.2)

where it
m,k

, ↗m, k → K are independent and identically distributed (i.i.d.) circu-
larly symmetric complex Gaussian random variables with unit variance. The
correlation coefficient is ω = J0(2ϖfDT ), where J0(.) denotes the 0-th order
Bessel function of first kind and fD and T are the maximum Doppler frequency
shift and the time slot duration, respectively.

At time slot t, AP k transmits signal to user k with transmit power P t

k
. Assume

the signal transmitted to user k is st
k
, then the received signal at user k can be

expressed as,

yt
k
= ht

k,k

√
P t

k
st
k

︸ ︷︷ ︸
Desired signal

+
∑

k↑ ↓=k

ht

k,k↑

√
P t

k↑s
t

k↑

︸ ︷︷ ︸
Interference

+nk, (2.3)

where nk denotes the additive white Gaussian noise (AWGN) with a variance
of ↼2

k
. In the right side of (2.3), the first term is the desired signal, while the

second term is the interference term, which includes both cross-tier and co-tier
interference. Therefore, the corresponding signal-to-interference-plus-noise ra-
tio (SINR) at user k can be expressed as,

↽t

k
(Pt) =

|ht

k,k
|
2P t

k∑
k↑ ↓=k

|ht

k,k↑ |
2P t

k↑ + ↼2
k

, (2.4)

where P
t = {P t

k
| ↗k → K} denotes a collection of transmit powers from all APs.

The achievable rate of UD k can thus be expressed as rt
k
(Pt) = log(1 + ↽t

k
(Pt)).

30



2.3 Problem Description

We aim to maximize the system sum-throughput via optimizing transmit power
of all APs in each time slot t. This power control problem can be formulated as
follows,

max
P

∑

k→K

rt
k
(Pt),

s.t. Pk ↘ Pmax
k

, ↗k → K,

(2.5)

where Pmax
k

is the maximum transmit power budget of AP k.

In HetNet, different-tier APs have different transmit power budget, i.e., differ-
ent Pmax

k
for each AP k, and observe the environments with different statistics,

which makes it more difficult for agents to learn the desired power control
policy. In addition, the dynamic wireless environment with rapidly varying
channels requires each AP to make decisions based on partial CSI only and
to adjust transmit power before the data transmission stage starts so that the
transmit power can maximize the system sum-throughput in every time slot.
However, the interference CSI ht

m,k
, ↗m, k → K,m ≃= k is usually difficult to

estimate in real systems, which is crucial when solving problem (2.5) by con-
ventional algorithms. Therefore, traditional optimization based power control
algorithms [8, 9] fail to be implemented in real-time systems due to the lack
of global CSI and their high computational complexity. Although DL-based
methods can be trained to predict transmit power based on only partial CSI
in a low-complexity manner, the lack of interference CSI leads to the lack of
ground truth and gradients of the objective function, and thus limiting the ef-
fectiveness of both supervised learning [10] and unsupervised learning [21]
methods, if considering the training phase of the DL-based methods. Finally,
the scalability problem should be taken into account due to the huge number
of APs in real systems. It is thus difficult for centralized DL-based methods to
obtain the data and to learn the optimal policy in large-scale wireless systems.
Therefore, it is necessary to develop DTE MADRL-based power control algo-
rithms, which will be present in detail in the following sections, to effectively
solve the aforementioned challenges.
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2.4 Multi-agent Reinforcement Learning Systems

A partially observable MARL system can be described as a partially observable
Markov decision process (POMDP), which is defined by a tuple < N, st, a

(k)
t ,

R(k)
t , z(k)t , P, O >.1 Specifically, for a MARL system with N agents, in each time

step t, each agent k observes the environment in state st and obtains a local
observation of the environment z(k)t = O(st, k), where O(.) is the observation
function mapping the environment state st to the specific observation z

(k)
t of

agent k. Then, based on the local observation z
(k)
t , agent k chooses its action

a
(k)
t , which is a part of the system joint action at. All agents implement the

joint action at and interact with the environment. Each agent k receives a local
reward R(k)

t from the environment and the environment state evolves to next
state st+1 with transition probability P (st+1 | st, at). Thereafter, each agent k
receives a new observation of the environment, z(k)

t+1 = O(st+1, k).

In general, the MARL-powered wireless systems can be formulated as coop-
erative and endless games.2 In this chapter, we focus on cooperative games,
where all agents share the same reward or they have a common potential func-
tion [65]. We promote cooperation by sacrificing the accuracy of Q value of
some sub-optimal actions. To illustrate, we start with the basic learning scheme
in MARL, IQL [61].

2.4.1 Independent Q Learning

IQL is a direct extension from single-agent reinforcement learning to MARL,
where each agent treats other agents as a part of environment. Therefore, each
agent needs to learn both the environment transition and the policy of other
agents. Each agent k aims to learn an optimal policy ϖ(k) that maximizes the

1When involving POMDP, researchers usually use a concept, “belief”, to describe the
agent’s belief about the invisible environment state. In this chapter, we assume each agent’s
observation can well reflect its belief. We thus only use observation to stand for each agent’s
local state.

2Although the interference among different cells makes APs perform like a competitive
manner, in most cases, we have a network-wise key performance indicator (KPI) to capture the
system performance. Therefore, all APs, in fact, cooperate together to maximize the system
KPI.
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cumulative discounted reward,

V (k)

t,ε(k)(st) = R(k)
t +

↔∑

j=1

↽jR(k)
t+j

, (2.6)

where ↽ is the discount factor.

In the traditional IQL, each agent maintains a Q table to record the Q values
of all observation-action pairs of the agent. The Q values are learned from the
experiences of the agents interacting with the environment. When receiving an
experience tuple e

(k)
t =< z

(k)
t , a(k)

t , R(k)
t , z(k)

t+1 >, agent k updates its Q table as
follows,

Qk(z
(k)
t , a(k)

t ) ⇐ Qk(z
(k)
t , a(k)

t ) + ς⇀(k)t , (2.7)

where ⇀(k)t = R(k)
t + ↽maxa↓(k) Qk(z

(k)
t+1, a

↗(k)) ↔ Qk(z
(k)
t , a(k)

t ) is the temporal dif-
ference (TD) error. ς is the learning rate.

In IQL, each agent learns its Q table based on its own experience in a distributed
manner with other agents’ policies treated as a part of the environment. How-
ever, since all agents keep updating their policies simultaneously, the environ-
ment observed by one agent is no longer static, which violates the assumption
of Q learning that the environment state transition probability matrix is fixed.
The varying policies of other agents make it difficult for the agent to learn the
environmental dynamics and leads to instability and performance degradation
of IQL.

2.4.2 Proposed penalty-based Q-learning for MARL Systems

One major challenge of MARL in wireless communication systems is that the
reward structure is very complex. Many different resource allocation solutions
have similar performance, which results in the fact that at a specific observa-
tion, the Q values of different actions are close to each other. On the other hand,
for each agent, the covariance of Q value for a specific observation-action pair
increases because of the uncertainty of other agents’ policies. Therefore, dur-
ing the training phase, the update of Q table can easily lead to the change of
the action with the maximum Q value given an observation. This can result in
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Qk(z
(k)
t , a(k))⇐

{
Qk(z

(k)
t , a(k)) + ς⇀(k)t , if a(k) = a

(k)
t ,

Qk(z
(k)
t , a(k))↔ φ, if a(k)

≃= a
(k)
t and Ck

1 (e
(k)
t ) > t1and Ck

2 (z
(k)
t , a(k)) < t2,

(2.8)

the rapid change of the policy and thus make it harder for agents to learn to
cooperate. We promote the cooperation by slowing down the policy updating
speed and focusing on the experiences with high reward. That is to say, during
the training phase, agents will tend to choose an experienced action with high
reward when revisiting an observation and thus learn the Q values of these
high-reward observation-action pairs first.

In RL systems, the policy of an agent is given by ϖ(k) = argmax
a(k) Qk(z

(k)
t , a(k)),

which means the selected action is determined by the maximum Q value given
an observation z

(k)
t . Therefore, in our proposed PQL, we sacrifice the accu-

racy of non-maximum observation-action Q values to let the agent stay on
observation-action pairs with high reward first. Specifically, we modify the
learning steps of the IQL. When receiving an experience tuple e

(k)
t , instead of

updating the Q value of one observation-action pair, PQL updates the Q values
of all actions given the observation z

(k)
t . The PQL updating rules are expressed

as in (2.8), where ⇀(k)t is the corresponding TD error. φ is the penalty factor.
Ck

1 (e
(k)
t ) and Ck

2 (z
(k)
t , a(k)) are conditional variables, whose expressions are as

follows,

Ck

1 (e
(k)
t ) = R(k)

t + ↽max
a↓(k)

Qk(z
(k)
t+1, a

↗(k))↔max
a↓(k)

Qk(z
(k)
t , a↗(k)), (2.9)

Ck

2 (z
(k)
t , a(k)) = max

a↓(k)
Qk(z

(k)
t , a↗(k))↔Qk(z

(k)
t , a(k)). (2.10)

Specifically, Ck

1 (e
(k)
t ) is used to determine whether the received experience tu-

ple is ”significantly good”, and Ck

2 (z
(k)
t , a(k)) is used to select those actions with

estimated Q values close to the maximum Q value at the current observation
z
(k)
t . t1 > 0 and t2 > 0 are two thresholds.

With the PQL updating rules in (2.8), when an agent k receives an experi-
ence tuple e

(k)
t with significantly high reward, which is triggered by the con-
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dition Ck

1 (e
(k)
t ) > t1, it degrades the Q values of other unselected actions with

Q value close to the maximum one, which are filtered out by the condition
a
(k)

≃= a
(k)
t and Ck

2 (z
(k)
t , a(k)) < t2. 3 Therefore, when agent k revisits this ob-

servation, the previously-visited high-reward observation-action is more likely
to remain the highest Q value among all actions in this observation due to the
Q value degradation to other actions in previous visits although the agent has
updated its Q table for many steps. As a result, the agent tends to choose
the experienced action with high reward and thus the policy updating speed
slows down. After the agent has well learned the high-reward observation-
action pairs, the condition Ck

1 (e
(k)
t ) > t1 is no longer satisfied and then the

PQL turns back into IQL, which results in the exploration of other observation-
action pairs.4

2.4.3 Penalty-based Deep Q Learning

In wireless multi-agent systems, especially in the resource allocation scenarios,
the state is usually determined by the system global CSI, which is continuous
and not suitable for traditional Q table based RL algorithms. As a consequence,
to solve the power control problem in HetNet, we need to extend our PQL to
deep Q learning scenarios.

In the context of deep Q learning, the Q table is replaced by the DQN, which es-
timates the Q values of all actions with a given observation. Therefore, we can
realize the PQL in deep Q learning by penalizing the outputs of the DQN cor-
responding to the unselected actions. Specifically, we add a few regularization
terms in the Q loss function. The resulted loss function for agent k of our multi-
agent deep PQL algorithm is given by (2.11), where φ is the penalty factor,
Qk(.;ω

(k)
t ) denotes the DQN of agent k at time slot t with respect to the network

parameters ω(k)
t . ⇀(k)t = R(k)

t +↽maxa↓(k) Qtar
k
(z(k)

t+1, a
↗(k);ω(k)↑)↔Qk(z

(k)
t , a(k)

t ;ω(k)
t )

3There is no theoretically optimal selection of t1 and t2. We selected their value based on
numerical results. Typically, t1 and t2 can be set as relative values, i.e., t1 = 0.1R(k)

t and t2 =

0.1Qk(z
(k)
t , a→(k)).

4We employed this Q table based PQL to play the two-agent predator-prey game as de-
scribed in [62]. The simulation results show the superiority of PQL to the hysteretic Q learning
from [62]. For the consistence of this chapter, we omit this experiment in this chapter.
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L(e(k)t ;ω(k)
t ) = (⇀(k)t )2 + φ

∑

a(k) ↓=a
(k)
t

Ck

1 (e
(k)
t )Ck

2 (z
(k)
t , a(k))Qk(z

(k)
t , a(k);ω(k)

t ), (2.11)

Ck

1 (e
(k)
t ) =






1, if R(k)
t + ↽maxa↓(k) Qtar

k
(z(k)

t+1, a
↗(k);ω(k)↑)

↔maxa↓(k) Qk(z
(k)
t , a↗(k);ω(k)

t ) > t1
0, otherwise,

(2.12)

Ck

2 (z
(k)
t , a(k)) =

{
1, if maxa↓(k) Qk(z

(k)
t , a↗(k);ω(k)

t )↔Qk(z
(k)
t , a(k);ω(k)

t ) < t2
0, otherwise,

(2.13)

denotes the TD error of agent k at time slot t, where Qtar
k
(.;ω(k)↑) is the target

DQN and ω(k)↑ is the corresponding target network parameters. As presented
in Section 2.4.2, Ck

1 (e
(k)
t ) and Ck

2 (z
(k)
t , a(k)

t ) are the conditional variables given in
(2.12) and (2.13), respectively, where t1 > 0 and t2 > 0 denote the correspond-
ing thresholds.
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2.5 Proposed DTE Power Control Scheme

In this section, we implement our proposed PQL to allocate transmit power for
the HetNet, in which each AP acts as an agent, which interacts with the envi-
ronment and gains the experience for training. Each agent needs to gradually
adjust its own power control strategy based on its local experience. We design
a local reward for each agent, which considers the achievable rates of nearby
cells, so that the whole multi-agent system works in a cooperative manner in
the interest of global network performance.

Our proposed MARL scheme has two phases, including training phase and im-
plementation phase. In this chapter, we focus on DTE power control schemes.
In such DTE schemes, each agent maintains a local DQN and updates the DQN
based on its local experience to maximize its local reward. In addition, each
agent decides its transmit power based on the collected local observation in-
dependently and simultaneously on a time scale on par with the small-scale
channel fading.

2.5.1 State and Observation Space

APs are allowed to exchange some information before each transmission stage.
At the beginning of each time slot, each AP collects local measurements from its
neighbors via wired or wireless backhaul links [66]. Specifically, the local mea-
surement of AP k, Ot

k
, includes the achievable rate, rt↑1

k
(Pt), and the received

interference plus noise power I t↑1
k

=
∑

k↑ ↓=k
ht↑1
k,k↑P

t↑1
k↑ + ↼2

k
measured in the last

time slot t ↔ 1, i.e., Ot

k
= {rt↑1

k
, I t↑1

k
}. The local measurement, Ot

k
, is then sent

to the neighboring APs via backhaul links. Each AP k collects the set of local
measurements from the neighboring APs, which is defined by {O

t

k↑ |k
↘
→ Nk}.

The neighboring set of AP k, Nk, is the index set of M UDs served by other
APs with the smallest distance to AP k. Therefore, together with the estimated
transmission link channel gain, ht

k,k
, the local observation of AP k can be ex-

pressed as z
(k)
t = {ht

k,k
,Ot

k↑ | k
↘
→ Nk ⇒ {k}}, where Nk denotes the index set of

the nearby cells. The neighboring set of AP k, Nk, is the index set of M UDs
served by other APs with the smallest distance to AP k. As a result, each agent
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has a local observation of 2M + 3 dimensions.

Note that the local observation z
(k)
t only includes the transmission link channel

gain and the local measurements of itself and its neighbors. Therefore, each AP
only needs to send two scalars to its neighbors in each time slot. We thus as-
sume that the local observation can be obtained without delay at the beginning
of each time slot. In addition, the local reward we design in Section 2.5.3 does
not require any additional information beside the local observation we discuss
above.

2.5.2 Action Space

In this chapter, we limit the transmit power to discrete levels for ease of learn-
ing and practical circuit restriction. Specifically, each AP k with maximum
transmit power budget Pmax

k
has a discrete power level set of [0, P

max
k

AC↑1 ,
2Pmax

k

AC↑1 , ..., P
max
k

],
where AC is the cardinality of the action set. Therefore, each agent has an ac-
tion space of AC , and each action refers to a specific transmit power level in the
action space.

2.5.3 Reward Design

One advantage of RL is the flexibility of reward design. When the reward is
correlated to the desired objective, the system performance can be increased.
Our goal is to improve the system sum-throughput and train the MARL system
locally. Therefore, we need to design a reward obtained from local information
and related to the system sum-throughput for each agent. To do so, we use the
achievable rates obtained from neighbors and define the reward for time slot t
at agent k as follows,

Rt

k
=

1

M + 1

∑

k↑→Nk≃{k}

rt
k↑ . (2.14)

Since each AP’s transmit power mainly affects the achievable rates of its neigh-
boring UDs, the local reward defined in (2.14) can successfully characterize the
system sum-throughput.
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2.5.4 Distributed Implementation Phase

The distributed power control algorithm is summarized in Algorithm 1, where
we set is train = False. Specifically, in the implementation phase, at time
slot t, each agent k first estimates and collects its local measurement, i.e., ht

k,k
,

rt↑1
k

and I t↑1
k

as in Step 3.1. Then it exchanges the local measurement with its
neighbors and forms the local observation z

(k)
t as in Step 3.2. Based on local

observation z
(k)
t , agent k selects the action at

k
corresponding to the maximum Q

value as in Step 3.4. All APs then start transmission with the transmit power
corresponding to the selected actions as in Step 3.5.

Note that the information exchange can be done before next time slot starts
once the SINR and interference power are estimated with no delay. In addi-
tion, each AP only needs to implement a local low-complexity forward propa-
gation to adjust their transmit power. As a result, our proposed MADRL-based
power control algorithm can make decision on time and thus is more practical
compared with optimization-based algorithms.

2.5.5 Decentralized Training Phase

We focus on the training in a dynamic episodic setting where users’ locations
are fixed during each episode. When an episode begins, the locations of all
users are regenerated uniformly in the corresponding cells and the initial trans-
mit powers of all cells are set to Pmax

k
, ↗k → K. The large-scale fading is then

generated based on the users’ locations. The small-scale fading is updated
when a time slot begins. The change of small-scale channel fading triggers a
transition of the environment state and causes each agent to adjust its transmit
power.

We leverage deep Q learning with experience replay [25] to train the HetNet
agents for effective learning of local power control policies. The training phase
is summarized in Algorithm 1, where is train = True. Compared with the
implementation phase, the training phase has two different steps, Step 3.3 and
Step 3.4. Step 3.3.1 is the experience collecting step, where all APs store their
local experience tuples of the last time slot in their local replay buffers. Steps
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Algorithm 1 Proposed power control scheme
1. Episode m starts. Users are randomly located.
2. Time slot t starts. Small scale channel gain is updated according to (2.2).
3. For each AP k,

3.1 Before updating the power, user k estimates its direct link channel
gain ht

k,k
and the interference plus noise power strength I t↑1

i
, as well

as the achievable rate of the last time slot rt↑1
k

, and then feeds them
back to AP k.

3.2 Each AP k obtains the local measurements O
t

j
from its neighboring

APs j → Nk through backhaul links and then forms the local obser-
vation z

(k)
t .

3.3 If is train == True:
3.3.1 Each AP k forms the experience tuple (z(k)

t↑1, a
t↑1
k

, Rt↑1
k

) and stores
it in its local replay buffer.

3.3.2 Each AP k uniformly samples a mini-batch Dk from the replay
buffer.

3.3.3 Each AP k updates its local DQN by minimizing the loss func-
tion (2.11) on the mini-batch Dk using variant of stochastic gra-
dient descent.

3.4 If is train == True:
AP k predicts its transmit power, P̂ t

k
, via ⇁-greedy, i.e., to select

the action corresponding to the highest Q value with a proba-
bility of 1 ↔ ⇁ or to randomly choose its transmit power with a
probability ⇁.

else:
AP k predicts its transmit power, P̂ t

k
, based on the local observa-

tion z
(k)
t by selecting the action corresponding to the highest Q

value.
3.5 AP k adjusts the transmit power as P t

k
= P̂ t

k
.

4. Time slot t ends. Time slot index t = t+ 1. Go back to Step 2 if episode m
does not end.

5. Episode m ends. Episode index m = m+ 1. Go back to Step 1.
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3.3.2 and 3.3.3 are the network training steps, where each AP k uniformly sam-
ples a mini-batch data set Dk and then updates the trainable parameters of its
DQN with the stochastic gradient descent method to minimize the PQL loss
function as defined in (2.11). Step 3.4 is the decision making step. In the train-
ing mode, each agent chooses its action according to the widely-used epsilon-
greedy strategy, i.e., to randomly choose an action with probability of ⇁, or to
choose the action corresponding to the highest Q value given the current ob-
servation with probability of 1↔ ⇁.

Note that we can easily change the simplest MADRL training algorithm, IQL,
into our PQL easily. The only extra cost comes from the calculation of the added
regularization terms. However, in each backward propagation, these regular-
ization terms only involve simple linear and comparison operations and there
is no extra computational complexity in back propagating from the output
layer to each trainable parameter of the NN. Therefore, PQL only introduces
very limited computational complexity of calculating the gradients of the reg-
ularization terms during the training phase. As a result, our proposed PQL
algorithm has practical distributed training phase due to its IQL-like training
manner.

2.5.6 Network Structure

To further improve the performance without imposing any change to the un-
derlying reinforcement learning algorithm, we employ the deep dueling DQN
[67] structure for our agents. Specifically, the network structure of dueling
DQN is illustrated in Fig. 2.2. In dueling DQN, the Q value of an observation-
action5 pair is decomposed as the sum of the value function and the advantage
function, which is expressed as follows,

Qk(z
(k)
t , a(k)) = Vk(z

(k)
t ) + Ak(z

(k)
t , a(k)), (2.15)

5As mentioned before, we use observation to indicate the local state for each agent. There-
fore, we use the term ”observation-action” instead of ”state-action” in this chapter.

41



ڭڭ ڭ

LayerInput LayerHidden LayerOutput

௞ܸ(ࢠ௧
(௞))

௧ࢠ)௞ܣ
௞ ,ܽଵ௞)

௧ࢠ)௞ܣ
௞ ,ܽ஺಴

௞ )

௧,ଵݖ
(௞)

௧,ଶݖ
(௞)

௧,ଶெାଷݖ
(௞)

ܳ௞(ࢠ௧
௞ ,ܽଵ௞)

ܳ௞(ࢠ௧
௞ ,ܽ஺಴

௞ )

SUM

Figure 2.2: Network structure of dueling DQN.

where Vk(z
(k)
t ) is the value function, which reflects the average of Q values

given the observation z
(k)
t , and Ak(z

(k)
t ) is the advantage function, which mea-

sures the relative importance of a certain action compared with other actions.
There is a zero-sum constraint on the advantage function Ak(.), which is given
by, ∑

a(k)

Ak(z
(k)
t , a(k)) = 0, ↗z(k)t . (2.16)

The intuition behind Dueling DQN is that it is not always necessary to esti-
mate the value of taking each available action. For some states, the choice of
action makes limited influence on what happens. One the other hand, with
the decomposition (2.15), during the backward propagation, the NN tends to
update value function Vk(z

(k)
t ) instead of the Q value of one observation-action

pair, which results in the learning of all Q values of the same observation. For
the input and hidden layers in Fig. 2.2, we use the basic fully-connected struc-
ture for all agents. Specific hyper-parameters regarding number of layers and
neurons and types of activation function will be illustrated in the next section.
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2.5.7 Training and Implementation Complexity

The complexity of our proposed method includes the training complexity and
the implementation complexity. In the implementation phase, for each action
prediction, the computational complexity of our PQL algorithm is the same
as that of the IQL algorithm, as well as that of the other training based algo-
rithms with the same DQN structure, i.e., the complexity of a forward neu-
ral network propagation. In our considered scenario, the DQN has two hid-
den layers, which have Nh1 and Nh2 neurons respectively. As a result, we
can calculate the number of FLOPs [68] in each DQN forward propagation as

2

(
2(1+M)+1


Nh1+Nh1Nh2+Nh2AC +Nh2


. As the number of hidden layer

neurons in our considered scenario is relatively small, i.e., we set Nh1 = 128

and Nh2 = 64 in our simulation, the forward propagation has a low complexity.
The training computational complexity is highly related to the DQN structure.
Compared with the basic IQL algorithm, PQL only needs to calculate the gra-
dients of some linear regularization terms. As a result, the additional compu-
tational complexity in the training phase can be neglected.
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Figure 2.3: HetNet with three tiers.

2.6 Simulation Results

In this section, we present simulation results to verify the effectiveness of our
proposed distributed power control scheme based on MADRL in HetNets. Un-
less otherwise stated, our HetNet system parameters are as the following. We
consider a three-tier HetNet as illustrated in Fig. 2.3. In this HetNet, there are
nine APs in total, which are located at (0, 0)m, (500, 0)m, (0, 500)m, (↔500, 0)m,
(0,↔500)m, (700, 0)m, (0, 700)m, (↔700, 0)m and (0,↔700)m, respectively, in-
dexed by [0, . . . , 8] [36]. AP 0 is the macro-cell or first-tier AP with a cover-
age defined by a minimum distance, dmin = 10m and a maximum distance,
dmax = 1, 000m, from the AP to UDs. APs {1, 2, 3, 4} are small-cell APs in
the second tier whose coverage is defined by dmin = 10m and dmax = 200m.
APs {5, 6, 7, 8} are small-cell APs in the third tier whose coverage is defined by
dmin = 10m and dmax = 100m. UDs are uniformly located in their correspond-
ing cells. The maximum transmit power budget is set to 30 dBm, 20 dBm and 10

dBm for the first-tier, second-tier and third-tier APs, respectively, over a fully
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reusable frequency band of 10 MHz. Following the LTE standard [69], the path
loss is given by 120.9 + 37.6 log10(d/1, 000) (dB), where d (m) is the distance be-
tween the transmitter and the receiver. The standard deviation of the log-norm
shadow fading is 8 dB. The AWGN power is ↔114 dBm. The time slot duration
T = 20 ms and we assume the same maximum Doppler frequency shift fD = 10

Hz for all UDs [26]. The number of considered neighbors, M , is set as 4. The
number of discrete transmit power levels is set as AC = 11.

We employ the fully connected dueling DQN structure for all agents. The du-
eling DQN has two fully connected hidden layers with 128, 64 neurons, respec-
tively. The activation functions of the input layer and first two hidden layers
are the Leaky ReLU function with the negative slope being 0.1, while the out-
put layer does not have activation functions. We set the memory size of the
replay buffer as Dmax = 3, 600 and the number of time slots in each episode
as Nslots = 20 so that the agent can learn the environmental dynamics caused
by the change of large scale fading. The mini-batch size is set to 128. We use a
decaying ⇁-greedy exploration parameter, which can be expressed as a function
of training steps ⇁ = max(1↔ 0.7 ⇑ 1.0005t, 0.01). Adam optimizer with learning
rate of 0.0001 is used to train the dueling DQN. Since we only aim to maximize
the system sum-throughput in each time slot, the future reward is unimpor-
tant. We thus set the discount factor ↽ = 0. The penalty factor of PQL, φ, is set
as 0.05, while the two thresholds are set as t1 = 0.1R(k)

t and t2 = 1, respectively.

We compare our proposed scheme with some other DTE learning based scheme,
including WMMSE, IQL, HQL, and full power.

1) WMMSE: The weighted minimum mean-squared error algorithm [8] is
centralized with full-CSI and should have the best performance.

2) PQL: PQL is our proposed DTE power control scheme.

3) IQL: Its settings, including its DQN hyper-parameters, are the same to our
proposed PQL scheme, except for the loss function, which still follows the
original IQL loss.

4) HQL: Hysteretic Q-learning [62] uses two different learning rates to train
the DQN. When receiving an experience, the agent first compares the es-
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timated Q value by its DQN with the target Q value, which is calculated
by the sum of reward and the discounted Q value of the next step. If the
target Q value is higher, it uses a normal learning rate to learn this experi-
ence, otherwise, it uses a degraded learning rate to learn this experience.
We set the degraded learning rate as 0.4 as in [70].

5) Full power: Each AP transmits signal using maximum power.

For comprehensive comparisons, we further compare our proposed method
with some other methods with more advanced structure, i.e., the multi-agent
deep deterministic policy gradient (MADDPG) [71], the multi-agent proximal
policy optimization (MAPPO) [72] and the neural fictitious self-play (NFSP)
[59]. Specifically, MADDPG and MAPPO both are actor-critic based and CTDE
methods, which can exploit the global observation information for better learn-
ing performance. NFSP adopts the idea of slowing down the policy updating
speed by maintaining an averaged policy. For fair comparison, we set the pol-
icy (actor) network structures of these three algorithms the same as our PQL
algorithm, so that all the algorithms have the same computational complexity
in the implementation phase. The learning rates of these three algorithms are
set to 0.0001 so that these baseline algorithms can converge to good policies
in our considered scenarios. Other hyper-parameters remain the same as in
the original papers. This work focuses on the training method so we mainly
compare it with the learning-based methods.

To begin with, we compare our proposed method with other benchmarks in
the considered scenario. Specifically, to better evaluate the performance of
the MARL system, we use two identical environments in our experiments, i.e.,
training environment and testing environment. We train the agents in the train-
ing environment, which updates the trainable parameters of all agents, while
test the performance in the testing environment with all trainable parameters
fixed. In the testing phase, the DQNs are used to optimize the transmit power
at each AP for 4, 000 time slots, i.e., 200 episodes. Therefore, all the curves in
the following figures are the average performance over 200 episodes.

Fig. 2.4 shows the average sum-throughput performance of the proposed al-
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Figure 2.4: Average sum-throughput performance of different algorithms in the
training phase.

Figure 2.5: Relative performance of different algorithms in the training phase.
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gorithm and other benchmark algorithms in the investigated HetNet. From
the figure, all the learning based algorithms have worse performance than the
full power scheme at the beginning since their policy networks are randomly
initialized and thus randomly choose transmit power. After training for 1, 000
episodes, i.e. 20, 000 time slots, the performance of MADRL-based algorithms
comes to a stage. In addition, our proposed PQL outperforms other MADRL-
based methods all the time and the performance gain over IQL is around 3%.
This is because in PQL, each agent tends to choose an experienced action with
high reward when revisiting a state, and thus the policy updating speed slows
down. In this way, each agent’s policy can be learned by other agents more
easily, resulting in a more efficient cooperation-learning process. In addition,
the CTDE methods MAPPO and MADDPG fail to outperform our proposed
PQL algorithm in this scenario. The superiority of the PQL algorithm over the
NFSP algorithm verifies the effectiveness of the learning strategy of the PQL
algorithm, i.e., to focus on high-reward experiences first. Note that the UD
locations are regenerated randomly in every episode, which causes the per-
formance fluctuation to all algorithms. Therefore, to better illustrate the per-
formance of different learning methods and to show the effectiveness of these
learning algorithms, we illustrate the relative performance of the considered
methods to the WMMSE algorithm in Fig. 2.5. We can observe that PQL can
reach over 90% of the sum-throughput achieved by the WMMSE algorithm. In
addition, Fig. 2.5 also indicates that our proposed PQL has less performance
variations across training epochs compared with IQL algorithm.

When using MADRL methods, the local observation of each agent includes
SINR and interference information regarding the CSI of previous time slot.
Therefore, when ω = 0, agents can obtain less information from its local obser-
vation about CSI of the current time slot. We thus set the correlation coefficient
ω = 0 and keep other system settings unchanged to evaluate the performance
of these algorithms as shown in Fig. 2.6. Our proposed PQL still outperforms
IQL and HQL with performance gain of around 4%, although it also encoun-
ters performance degradation after 60,000 training steps. In this experiment
setting, the CTDE MAPPO algorithm successfully outperforms the PQL algo-
rithm, but the MADDPG algorithm still fails to learn a good policy. However,
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Figure 2.6: Relative performance of different algorithms in the training phase
when ω = 0.

our proposed PQL algorithm has the best performance among all algorithms
except for the CTDE MAPPO algorithm. This result validates the ability of our
PQL to learn to cooperate given less state information.

In the following experiment, we add 4 more third-tier cells at the edge of the
macro cell to investigate PQL with more agents. Specifically, the newly added
third-tier APs are located at (250

⇓
2, 250

⇓
2)m, (250

⇓
2,↔250

⇓
2)m, (↔250

⇓
2,↔250

⇓
2)m

and (↔250
⇓
2, 250

⇓
2)m, respectively, with other system parameters the same

as other third-tier APs. Fig. 2.7 and Fig. 2.8 draw the system sum-throughput
performance of considered algorithms and the relative performance to the WMMSE
algorithm of the considered algorithms during the training phase. From Fig.
2.4 and Fig. 2.7, with more third-tier APs deployed at the macro-cell edge, the
system average sum-throughput performance of all algorithms is increased.
This result validates the benefit of deploying small cells within macro cells. In
addition, from Fig. 2.5 and Fig. 2.8, the performance gain gap between PQL
and IQL/HQL is around 5% and increases with the number of agents, although
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Figure 2.7: Average sum-throughput performance of different algorithms in the
training phase in the HetNet with 4 additional third-tier cells.

Figure 2.8: Relative performance of different algorithms in the training phase
in the HetNet with 4 additional third-tier cells.
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the relative performance of all MADRL methods increases. This is because with
the number of agents increasing, better cooperation among agents can provide
more performance gain. On the other hand, the MAPPO algorithm, which ex-
ploits the global information, has the best performance while the MADDPG
algorithm only has similar performance with the IQL and the HQL algorithms.
The NFSP algorithm has a slower convergence speed and finally has similar
performance to the IQL and HQL algorithms. Therefore, the MAPPO algo-
rithm and our proposed PQL algorithm can efficiently promote the cooperation
among agents and thus obtains more performance gain over other benchmarks.

Considering the difference of computational capability, battery capacity and
environmental statistics of different-tier APs in HetNets, different-tier APs can
be deployed with different-structure DQNs. Therefore, in the last experiment,
we use different-structure dueling DQNs in different-tier APs to investigate the
ability of our PQL to train heterogeneous multi-agent systems. For the first-tier
AP, its dueling DQN has three hidden layers with 128, 128, 64 neurons, respec-
tively. For second-tier APs, their dueling DQNs have two hidden layers with
128, 64 neurons, respectively. For third-tier APs, their dueling DQNs have two
hidden layers with 64, 64 neurons, respectively. The resulted relative perfor-
mance during the training phase is shown in Fig. 2.9. Our proposed PQL al-
gorithm and the CTDE MAPPO algorithm have similar performance and reach
over 90% sum-rate of the WMMSE algorithm and outperform other MADRL
algorithms as expected. The MADDPG algorithm fails to learn a good policy
in this experiment. In addition, our proposed PQL has a performance gain of
around 4% over IQL. This result validates our PQL on its ability of training a
MADRL system with heterogeneous agents.
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Figure 2.9: Relative performance of different algorithms in the training phase
with different-structure DQNs deployed at different-tier APs.
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2.7 Conclusions and future research directions

In this chapter, we proposed a DTE MADRL-based power control scheme to al-
locate transmit power in HetNets. In particular, we introduced a DTE scheme,
which decides the transmit power for each AP simultaneously based on local
observation. In addition, only the interference power and achievable rates of
neighbors are required in both training and testing phases, which is practical in
real systems since the unavailable global and interference CSI is not required.
To promote cooperation among agents, we proposed PQL algorithm for train-
ing MADRL systems, which has almost no extra cost compared with the simple
and widely used IQL algorithm. Simulation results show that with limited net-
work layers and local observation, our proposed scheme is able to reach over
90% performance of the conventional WMMSE algorithm and outperforms the
existing DTE IQL and HQL algorithms under various system settings. By ad-
justing the reward design, the proposed DTE scheme can be further extended
to optimize other system KPIs, like fairness, coverage and outage probability,
so that these KPIs can satisfy more complex requirements in real HetNet sys-
tems.
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Chapter 3

Federated Reinforcement Learning
for Resource Allocation in V2X
Networks

In this chapter, we improved Federated Reinforcement Learning (FRL) by ad-
vanced optimization framework. We proposed a Policy Gradient based ADMM
with a Second Moment (PASM) algorithm to optimize the Policy Gradient (PG)
based FRL systems. Specifically, we used inexact ADMM to address the Fed-
erated Learning (FL) problem formulated from PG based Multi-Agent Deep
Reinforcement earning (MADRL) system with knowledge sharing. The sec-
ond moment of the Lagrange multipliers is incorporated to accelerate the train-
ing. We then applied the PASM algorithm to the distributed resource allocation
problems in a vehicle-to-everything (V2X) networks, where vehicle-to-vehicle
(V2V) links reuse the spectrum of vehicle-to-infrastructure (V2I) links. Simu-
lation results show that the PASM algorithm can accelerate the convergence
speed and improve the convergent performance under different system config-
urations.
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3.1 Introduction

The Next Generation Multiple Access (NGMA) vehicle-to-everything (V2X)
networks have attracted considerable research interest since they are capable of
delivering many important services, e.g., road safety and traffic efficiency, and
enable various applications in smart cities, autonomous driving, and intelli-
gent transport systems [73–75]. Entities, including vehicles and roadside units
in V2X networks, communicate and cooperate with each other and thus re-
sult in the coexistence of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V2I) communications on the same spectrum. Therefore, complex mutual in-
terference and severe performance degradation may arise. To overcome such
drawbacks, proper resource allocation schemes need to be developed.

It has been noted that resource allocation is usually formulated as an optimiza-
tion problem, which however is NP-hard in general and lacks universal low-
complexity and effective solutions. There is an impressive body of work on
developing traditional optimization model-based approaches for resource al-
location in V2X networks [76–81]. For example, by considering the density and
physical proximity of vehicles, a decentralized algorithm has been proposed
in [77] to optimize the transmission delay and successful transmission proba-
bility. In [78], a joint optimal centralized spectrum sharing and power control
method has been developed to maximize the V2I link sum rate while guaran-
teeing the reliability of the V2V links with delayed Channel State Information
(CSI) feedback. Furthermore, based on the slowly-varying large-scale fading
information, the sum ergodic capacity of V2I links with V2V link reliability
has been optimized in [79]. Additionally, the graph partitioning tool has been
adopted to categorize the highly interfering V2V links into different clusters
to reduce computational complexity and signaling overhead [80]. However,
due to the fast-varying channel conditions, it is usually hard to obtain global
CSI, which limits the practical implementation of the traditional model-based
resource allocation schemes in V2X networks, and traditional centralized solu-
tions usually lack scalability in large-scale V2X networks.

DL based methods, especially Federated Reinforcement Learning (FRL) algo-
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rithms, which can aggregate the knowledge from different agents observing
different parts of the wireless environment, have great potential to address the
challenges as we have reviewed in Section 1.2. However, it is known that many
Federated Learning (FL) algorithms, such as FedAvg [40] and FedProx [43],
have been proposed based on the gradient descent scheme. A separate line of
research develops FL algorithms using inexact ADMM [82–85]. The FedGiA al-
gorithm in [85] integrates the gradient descent and inexact ADMM. It has been
shown to have high communication efficiency, low computational complex-
ity, and convergence under weaker conditions. In addition, compared with
value-based RL systems, we can use continuous optimization techniques to
train the policy-optimization RL systems. The policy-optimization multi-agent
reinforcement learning (MARL) algorithm is analyzed and connected with op-
timization problems in [86]. Therefore, we adopted partial ideas from Fed-
GiA to FRL and designed a general PG-based ADMM with a Second Moment
(PASM) algorithm to improve the performance of FRL.

Overall, considering the advantageous properties of FRL to overcome the is-
sues of local observability and the efficiency of ADMM for distributed opti-
mization problems, we integrate them to develop a new algorithm for NGMA
V2X networks in this chapter.

3.1.1 Specific Contributions of this Chapter

We employ the framework of FRL to train the agents for sub-channel and trans-
mit power level selection in a NGMA V2X network, where each V2V link is
deemed as an agent and learns to optimize the V2I link sum rate and the V2V
link packet delivery rate based on local observation in a distributed manner.
The FRL framework is then implemented by the inexact ADMM where sub-
problems are solved approximately using PG. Our main contribution is three-
fold.

• We formulate the spectrum-sharing resource allocation problem in NGMA
V2X networks as a MARL system to train a distributed resource allocation
scheme. Specifically, we consider two different metrics, i.e., the successful
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package delivery rate of V2V links and the weighted sum rate of all links,
in the V2X networks, where the first metric focuses more on the long-term
reward while the second metric focuses more on the instantaneous reward.

• For the training phase, we exploit the FL and PG, and propose a PASM algo-
rithm to train the proposed MARL system in a FL manner. The agent policy-
optimization problem is formulated as a FL problem.

• We exploit the inexact ADMM to solve the FL problem, where the second
moment is adopted to further improve the algorithmic performance. Such
information has been widely used in some popular optimizers in deep learn-
ing, e.g., Adam [53] and RMSProp1. Despite the challenge of establishing the
convergence property for an algorithm to solve RL problems, we manage to
show that the proposed general method, PASM, which can also be applied to
other FL problems, can converge under mild conditions.

• We implement PASM in the considered NGMA V2X network and compare it
with a FedAvg-based FRL algorithm and an independent PG algorithm, both
of which employ the second-moment based optimizer RMSprop. Simulation
results show that PASM can achieve better performance in terms of obtaining
moving average rewards.

1RMSprop is an unpublished adaptive learning rate algorithm proposed by Geoff Hinton
in Lecture 6e of his Coursera Class.
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Figure 3.1: The V2X network diagram

3.2 System Model and Problem Formulation

In this chapter, we demonstrate the potential of FRL using resource allocation
in V2X networks as an example. As shown in Fig. 3.1, we consider a single-
antenna V2X network based on orthogonal frequency-division multiple access
(OFDMA), where N V2I links connect the vehicles and the BS, and K V2V
links connect the neighboring vehicles. The V2I links support high-data-rate
services, and each of them is allocated with an orthogonal sub-channel. As
a result, the number of sub-channels matches the number of V2I links in the
system under consideration. The V2V links are enabled by device-to-device
(D2D) communication and reuse the uplink resource blocks allocated to V2I
links to enhance system spectrum efficiency. We denote the set of V2I links as
N = {1, 2, . . . , N}, the set of V2V links as K = {1, 2, . . . , K}, and the set of time
slots as T = {1, 2, . . . , T}. We make the assumption that the nth sub-channel is
allocated to the corresponding nth V2I link. The set of available sub-channels
is denoted as N.
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In time slot t → T, the SINR of the nth V2I link can be expressed as follows,

↽i

n,t
[n] =

P i

n,t
hb,t[n]∑

k→K ⇀k,t[n]P v

k,t
[n]g̃k,b,t[n] + ↼2

, (3.1)

where hb,t[n] denotes the channel power gain of the BS on the nth V2I link,
g̃k,b,t[n] is the interference channel power gain from the transmitter of the kth
V2V link to the BS on the sub-channel n, ↼2 refers to the received Gaussian noise
power, P i

n,t
↘ P i

max and P v

k,t
[n] ↘ P v

max denote the transmit power of the nth
V2I link and that of the kth V2V link on the nth sub-channel, respectively, and
⇀k,t[n] is an binary indicator presenting the sub-channel allocation of V2V link
k. If sub-channel n is allocated to V2V link k, ⇀k,t[n] = 1, otherwise ⇀k,t[n] = 0.
We also limit the number of sub-channels that each V2V link can occupy to 1,
namely,

∑
n→N ⇀k,t[n] ↘ 1 for all k → K and t → T. The resulting achievable rate

of V2I link n in time slot t is then given by,

C i

n,t
= W log(1 + ↽i

n,t
[n]), (3.2)

where W is the sub-channel bandwidth.

For the kth V2V link, in time slot t, the corresponding SINR on sub-channel n
is given by,

↽v

k,t
[n] =

⇀k,t[n]P v

k,t
[n]gk,t[n]

Iv
k,t
[n] + P i

n,th̃k,t[n] + ↼2
, (3.3)

where Iv
k,t
[n] =

∑
k↑→K,k↑ ↓=k

⇀k↑,t[n]P v

k↑,t[n]g̃k↑,k,t[n] denotes the interference power
received by the receiver of V2V link k in time slot t from other V2V link trans-
mitters on sub-channel n, g̃k↑,k,t[n] denotes the interference channel power gain
from the transmitter of V2V link k↘ to the receiver of V2V link k on sub-channel
n, and h̃k,t[n] denotes the interference channel power gain from the transmitter
of V2I link n to the receiver of V2V link k on sub-channel n. Overall, we can
express the corresponding achievable rate of V2V link k in time slot t as,

Cv

k,t
=

∑

n→N

W log(1 + ↽v

k,t
[n]). (3.4)
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The V2V links carry the safety-related information generated periodically, which
needs to be delivered within a given time duration [28]. This V2V link transmis-
sion requirement is mathematically formulated as the delivery rate of packets
of size B within T time slots,

p(εk:,P
v

k:) := Pr

!T

∑

t→T

Cv

k,t
⇔ B


, ↗k → K, (3.5)

where !T is the channel coherence time, εk: := {⇀k,t[n] : t → T, n → N}, and
P v

k: := {P v

k,t
[n] : t → T, n → N}. We consider two scenarios of the resource alloca-

tion for the V2X networks.

• Scenario I: one goal is to maximize all V2V packet delivery rates Cv

k,t
while

not affecting the V2I link transmission by properly allocating the sub-channel
and transmit power of V2V links with a given power control policy of V2I
links, which is formulated as the following problem:

max
εk:,P v

k:,k→K
ω
∑
n→N

∑
t→T

C i

n,t
+

∑
k→K

p(εk:,P v

k:)

s.t.
∑
n→N

⇀k,t[n] ↘ 1, ↗k, t

⇀k,t[n] → {0, 1}, ↗k, n, t

0 ↘ P v

k,t
[n] ↘ P v

max, ↗k, n, t.

(P1)

• Scenario II: Another goal is to maximize the weighted sum rate of the V2V
links and the V2I links in time slot t → T, which is a commonly used perfor-
mance metric in many systems. The problem can be formulated as follows,

max
ε:t,P v

:t

ω
∑
n→N

C i

n,t
+ (1↔ ω)

∑
k→K

Cv

k,t

s.t.
∑

n→N ⇀k,t[n] ↘ 1, ↗k

⇀k,t[n] → {0, 1}, ↗k, n

0 ↘ P v

k,t
[n] ↘ P v

max, ↗k, n.

(P2)

where for any t → T, ε:t := {⇀k,t[n] : k → K, n → N} and P v

:t := {P v

k,t
[n] : k → K, n → N}.
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Note that we mainly focus on the resource allocation of the V2V links with
a given V2I link power control policy. Therefore we fix the V2I link transmit
power to its maximum level, i.e., {P i

n,t
= P i

max, ↗n, t} in both considered sce-
narios. We aim to develop real-time distributed resource allocation schemes,
which only require local observations for V2V links in the two scenarios. The
V2V packet delivery rate in (P1) can be obtained after every T time slot. On
the other hand, the weighted achievable sum rate in (P2) is a short-term metric
influenced by the global CSI and the resource allocation policy for each in-
dividual time slot t. Both problems are real-time sequential decision-making
problems. We thus adopt the FRL techniques to train distributed resource al-
location schemes for problems (P1) and (P2) so that each agent can obtain the
knowledge from other agents without raw data exchange.
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3.3 FRL via Inexact ADMM and Policy Gradient

In this section, we will focus on a specific class of MARL systems and develop
the PASM algorithm to train a powerful global policy for the considered sys-
tems, Markov potential game (MPG), based on the inexact ADMM.2 This sec-
tion begins with the formulation of the MARL system, followed by the PASM
algorithm and its convergence analysis.

3.3.1 Multi-Agent Policy Gradient

A partially observable MARL system can be modeled as a POMDP with a tuple
↖K, st, a

(k)
t , R(k)

t , z(k)t , P, O↙, where K is the number of agents, st is the environ-
ment state at time t, a(k)

t is the action at time t of agent k, z(k)t = O(st, k) is
the local observation obtained by agent k, observation function O(·, ·) maps
environment state st to the specific observation z

(k)
t of agent k, R(k)

t is the lo-
cal reward received by agent k from the environment, and P (st+1 | st, at) is a
transition probability from state st with action at to next state st+1.

The general idea of MARL is given as follows. At time step t, based on the lo-
cal observation z

(k)
t , agent k selects an action a

(k)
t from the system’s joint action

At and receives a local reward R(k)
t from the environment. Then current state

st transits to next state st+1 with a transition probability P (st+1 | st, at). Sub-
sequently, each agent k obtains a new observation of the environment, z(k)

t+1 =

O(st+1, k). In this chapter, we investigate cooperative games, where all agents
cooperate to improve the system performance. In other words, we consider a
special case of MARL systems, i.e., the MPG.

Moreover, we take advantage of PG to cast our FRL framework. It is noted that
the PG-based method directly optimizes the policy of the agents to maximize
the accumulative reward. More precisely, it maximizes the accumulative re-
ward during a time period T obtained by implementing the policy, ϖk(a|z

(k)
t ),

which denotes the probability of performing action a when observing z
(k)
t for

2Although all agents share a global policy model, this global policy model is able to distin-
guish different agents from their different states. For example, if we include the agent index in
the state, the policy model can easily distinguish different agents from the input indices. This
setting enables FRL to train an MARL system.
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agent k. Denote ! the joint policy of all agents by

!(A|st) =
K

k=1

ϖk(a|z
(k)
t ). (3.6)

Then, given the static environment transition probability and the joint policy of
all agents, in each episode a trajectory ϱ = {s0,A0, s1,A1, . . . , sT ,AT} of T + 1

steps is sampled based on the policy and the environment. For agent k, the
object is to maximize the expected accumulative reward with given policy !

over all possible trajectories, i.e., to maximize

yk(!) := Eω (R
(k)(ϱ)), (3.7)

where R(k)(ϱ) :=
∑

T

t=0 R
(k)
t is the accumulative reward over trajectory ϱ . Ac-

cording to [86], the PG for agent k can be expressed as

↑εk
yk(!) ↓ Eω


R(k)(ϱ)

T∑

t=0

↑ log ϖk(at|z
(k)
t )


, (3.8)

With the PG given in (3.8), the gradient ascent methods can be used to optimize
the policy of all agents.

Furthermore, by taking advantage of MPG, we can leverage the potential func-
tion of the MARL system, φ, to formulate our FRL problem. According to
Lemma 4.2 in [86], the stationary point of the potential function of the MARL
system implies Nash policies of this MARL system. We thus aim to find the sta-
tionary point of the potential function of the MARL system, i.e., to find ϖk, ↗k

that implies ↑εk
φ(!) = 0, ↗k. On the other hand, gradient ascent methods can

be used to find the stationary points without knowing the specific expression
and derivatives of φ due to the equality of derivatives (cf. Proposition B.1 P2.
in [86]), given by,

↑εk
φ(!) = ↑εk

yk(!), ↗k. (3.9)

For the sake of notation consistency, in the rest of this chapter, we use the gra-
dient of the potential function, ↑εk

φ(!), to present the PG.
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3.3.2 Inexact ADMM

Based on the discussions in Section 3.3.1, we can formulate the PG-based FRL
as an optimization problem to maximize the system potential function subject
to the constraint that all agents share a common global policy model. The for-
mulated FRL optimization problem is thus given by,

max
!,ωc

φ(!)

s.t. ωk = ωc, ↗k → K, .
(3.10)

where ωc is the shared global model parameters and ” := (ω1,ω2, . . . ,ωK) is a
collection of all local trainable parameters {ωk, k → K}. Here ωk denotes agent
k’s policy. In this context, we use a deep neural network to represent agent k’s
policy. Therefore, ϖk is a function of ωk, i.e., ϖk(ωk) and thus the joint policy !

is a function of the collection of local parameters, i.e., ! := !(”). Therefore,
hereafter, we denote

φ(”) := φ(!) = φ(!(”)). (3.11)

Note that [86,87] have proven the smoothness, i.e., the policy gradient Lipschitz
continuity, of the expected value function in single-agent case and multi-agent
case, respectively, which allows us to assume a gradient Lipschitz continuity
on potential function φ, namely,

∝↑φ(”1)↔↑φ(”2)∝ ↘ l∝”1 ↔”2∝, (3.12)

where ∝ ·∝ is the Frobenius (or Euclidean) norm. We exploit the inexact ADMM
to solve problem (3.10) in an FL manner. The augmented Lagrange function of
problem (3.10) is

L(”,#,ωc) := ↔φ(”) +
∑

k→K

Lk(ωk,ϑk,ωc),

Lk(ωk,ϑk,ωc) := ϑ⇐
k
(ωk ↔ ωc) +

ω

2
∝ωk ↔ ωc∝

2,
(3.13)

where ω > 0 and # := (ϑ1,ϑ2, · · · ,ϑk) is the collection of all Lagrange multipli-
ers. Then the inexact ADMM takes the framework as follows: given (”0,#0),
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perform the following steps iteratively

”
j+1

↓ argmin
!
L(”,#j,ωj

c
), (3.14a)

ϑj+1
k

= ϑj

k
+ ω(ωj+1

k
↔ ωj

c
), k → K, (3.14b)

ωj+1
c

= argminωc

∑

k→K

Lk(ω
j+1
k

,ϑj+1
k

,ωc), (3.14c)

for j = 0, 1, 2, . . .. To solve subproblem (3.14a) in the above scheme, we approxi-
mate φ(”) using first-order information, i.e., its PG ↑φ(”) = (↑ω1φ(”), · · · ,↑ωKφ(”)).
Denote

”c := (ωc,ωc, · · · ,ωc),

gk := ↔↑ωkφ(”c), gj

k
:= ↔↑ωkφ(”

j

c
).

(3.15)

From the above definition, one can observe that gk is the PG obtained by agent
k from the environment. Now for each k → K, we can solve subproblem (3.14a)
inexactly by

ωj+1
k

= argmin
ωk

ω⇐
k
gj

k
+

rk
2
∝ωk ↔ ωj

c
∝
2 + Lk(ωk,ϑ

j

k
,ωj

c
)

= ωj

c
↔

1

ω+ rk
(ϑj

k
+ gj

k
), (3.16)

where rk → (0, l] is a non-negative constant. The last step in (3.14) is the aggre-
gation step calculated by

ωj+1
c

=
1

K

∑

k→K

u
j+1
k

, (3.17)

where u
j+1
k

is the temporary variables to be aggregated from agent k, which is
updated locally at agent k before the aggregation step,

u
j+1
k

= ωj+1
k

+
1

ω
ϑj+1

k
. (3.18)

Unlike FL, FRL requires agents to interact with the environment to obtain the
training data and estimate the PG. The PG, ↑φ(”c), is obtained from the inter-
actions between the agents and the environment.
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Figure 3.2: Descending objective function

3.3.3 Second Moment

To further improve the learning process, the second moment is adopted to gen-
erate an adaptive step size, which has been proven effective in widely used
optimizers, e.g., Adam [53] and RMSprop. Typically, the convergence of in-
exact ADMM in non-convex setting is based on the monotonically decreasing
augmented Lagrange function [84, 85]. As shown in Fig. 3.2, in the inexact
ADMM paradigm, each subproblem is approximated by its second order ap-
proximation. There exists a “descending region” in each updating step and so
does the “aggregation” step. We therefore incorporate the second moment into
the “aggregation” step of the inexact ADMM algorithm to obtain a decreasing
augmented Lagrange function. Specifically, in the above inexact ADMM al-
gorithm, the Lagrange multipliers (3.14b) in fact contain the accumulated gra-
dient information. To some extent, the update of uj+1

k
in (3.18) plays the role

which is alike gradient descent. One can treat 1/ω as the stepsize and ϑj+1
k

as
the direction. This allows us to integrate the second moment into (3.18). To
proceed with that, for an initialized 1 > φ > 0 and v

0
c
= 0, the server estimates

the second moment by

v
j+1
c

= φvj

c
+

1

K

∑

k→K

(1↔ φ)ϑj+1
k

′ ϑj+1
k

, (3.19)
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where φ is a moving average constant and ′ is the Hardamard product. Then
update (3.18) is modified as

u
j+1
k

= ωj+1
k

+
1

ω
√

v
j+1
c + ⇁

 ′ ϑj+1
k

, (3.20)

where ⇁ is a small value to prevent zero denominators. Here 1/
⇓
v → RN is a

vector with the nth entry being 1/
√
v[n].

Algorithm 2 PASM: PG-based inexact ADMM using the second mo-
ment for RFL

1: Initialize: ω0
c
= 0,v0

c
= 0, and ϑk = 0, ↗k → K, and proper hyper-

parameters J > 0, ω > 0, ⇁ → (0, 1), φ → (0, 1), and rk → (0, l], ↗k → K.
2: for episode index j = 0, 1, . . . , J do
3: --Local gradient estimation--
4: for each agent k → K do
5: Updates its local model by ωj

k
= ωj

c
.

6: Samples a trajectory ϱ j
k

based on current policy ϖk(.;ω
j

k
) and calculate

the PG of the current episode based on (3.8) to derive gj

k
= ↔↑ωkφ(”

j

c
).

7: Update (ωj+1
k

,ϑj+1
k

) by (3.16) and (3.14b) and send them to the sever.
8: end for
9: --Global aggregation--

10: The server updates the global parameter ωj+1
c

by (3.19), (3.20) and (3.17),
and broadcasts it to all agents.

11: end for

The resulting framework is summarized in Algorithm 2. All agents update
their models and aggregate in each episode. In Step 3, the local update of the
agents starts to be performed. In Step 6, each agent interacts with the environ-
ment, obtains the experience trajectory of the current episode, and calculates
the PG. Then in Step 7, each agent updates the local model parameters and the
Lagrange multipliers. Step 10 aggregates the knowledge of all agents at the
server.

Note that compared with FedAvg-based FRL algorithms, PASM falls into the
primal and dual algorithm category, namely, primal variables ω and Lagrange
multipliers (i.e., dual variables ϑ) need to be updated simultaneously. This
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results in some extra additions and scalar multiplications, which do not in-
cur much computational complexity, as the main complexity of training agents
comes from calculating gradients. Therefore, the PASM algorithm has similar
computational complexity to the FedAvg-based FRL algorithms.

3.3.4 Convergence Analysis

Before the convergence result of the PASM algorithm, we need the following
assumptions.
Assumption 3.3.1. Suppose that 1) φ is gradient Lipschitz continuous, i.e. (3.12), 2)

↔φ is bounded from below, i.e., φ > ↔∞, and 3) maxk→K ∝↑ωkφ(”c)∝↔ ↘ 1↔ ⇁.

We point out that the first two assumptions are commonly used to established
the convergence in optimization. The third assumption can be guaranteed if
we set up |R(k)

t | to have a small upper bound. Indeed, if we choose tiny re-
ward |R(k)

t |, then R(k)(ϱ) =
∑

T

t=0 R
(k)
t can be sufficiently small, resulting in

small ∝↑εk
yk(!)∝↔ by (3.8) and so is ∝↑ωkφ(”c)∝↔ by (3.9). Here ∝x∝↔ =

maxn→N |x[n]| is the infinity norm.
Lemma 3.3.1. Suppose maxk→K ∝↑ωkφ(”c)∝↔ ↘ 1 ↔ ⇁, then ∝v

j

c
∝↔ < (1 ↔ ⇁)2 for

any j = 0, 1, 2 · · · .

Based on the above lemma, we establish the following convergence guarantee
of the PASM algorithm, where Z

j+1 := (”j+1,#j+1,ωj

c
).

Theorem 3.3.2. Suppose Assumptions 3.3.1 hold and choose ω ⇔ 10l, ⇁ → (0.5, 1).

Then 1) sequence {L(Zj)} is non-increasing and converges, 2) limj⇒↔ ∝Z
j+1

↔Z
j
∝ =

0, and 3) the policy gradient is vanishing eventually, i.e., limj⇒↔ ∝
∑

k→K gj

k
∝ = 0.

The conditions given in Theorem 3.3.2 are sufficient but unnecessary, which
indicates that there is no need to set up parameters strictly satisfying these
conditions for the algorithm to converge in the numerical experiments.

The proofs of Lemma 3.3.1 and Theorem 3.3.2 are given at the end of this chap-
ter. The proof of Theorem 3.3.2 is based on the monotonically descending aug-
mented Lagrange function (3.13), which is proven by showing the difference of
the augmented Lagrange function values between two consecutive iterations is
non-positive under the given conditions. With this monotonicity, we are then
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able to show that the variable updates and the sum of the Lagrange multipliers
converge to zero, which indicates that the gradients finally converge to zero.
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3.4 PASM for Resource Allocation in V2X Networks

In this section, we apply PASM to the resource allocation problems in the con-
sidered NGMA V2X network. Fig. 3.3 depicts an example of PASM in a NGMA
V2X network with 3 agents. In the considered FRL-for-V2X-network setting,
the base station, which provides V2I link services to the vehicles, is regarded as
the central training server in the FRL framework, while the local agent models
are trained and deployed at each vehicle. Each vehicle updates the local model
parameters and local Lagrange multipliers based on its collected local experi-
ence at the end of each episode. During the aggregation phase, each vehicle
uploads its local model parameters and Lagrange multipliers to the base sta-
tion via V2I links. After collecting these messages from the vehicles, the base
station aggregates all the local model information to obtain a global model and
then broadcasts it to all the vehicles via V2I downlinks.

Environment (V2X network)ent

Update local ,
Lagrange 
multipliers 
and the 
temporary 
variable 

Figure 3.3: PASM workflow in a V2X network with 3 vehicles.

To apply the proposed PASM algorithm, we first need to formulate the resource
allocation problem as a MARL system, i.e., to formulate the resource allocation
problem in the form of the POMDP tuple, ↖K, st, a

(k)
t , R(k)

t , z(k)t , P, O↙, described
in Section 3.3.3 Specifically, each V2V link is treated as an agent in the RL frame-
work. Each agent maintains a policy deep neural network to make decisions.
In both considered scenarios described in Section 3.2, the agents have the same

3Here we do not need to know < st, P,O >, as they determine the environment dynamics
but are not necessary to the policy optimization process.
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observable information. Thus, we use the same observation space but differ-
ent reward functions for the two scenarios. Since each V2V link determines its
sub-channel selection and transmits power level, the action space of each agent,
denoted as k, is defined as {a

(k)
t = (▷k, P v

k
)|▷k → N, P v

k
→ P}, where ▷k denotes

the selected sub-channel index, and P denotes the available discrete transmit
power levels defined as P = {23, 10, 5,↔100}dBm in the sequel.4

For practical implementation, each agent only has local observations and we do
not use interference CSI as a part of the local observation. Specifically, the local
observation of agent k includes the V2I link channel power gains over all sub-
channels, its V2V link channel power gains over all sub-channels, its received
interference power over all sub-channels in the last time slot, relative position
qk between the transmitter and the receiver of V2V link k, velocities velt

k
, velr

k

of the transmitter and the receiver of V2V link k, the remaining time budget Tk,
remaining playload Bk to be transmitted and the agent index k. Formally, we
have

z
t

k
=


hb,t[n], gk,t[n], I

v

k,t↑1[n] + P i

n,t↑1h̃k,t↑1[n], ↗n → N,

qk, vel
t

k
, velr

k
, T t

k
, Bt

k
, k

.

(3.21)

Note that the local observation z
t

k
is easy to obtain at each vehicle. We thus

assume that there is no observation collection delay for the agents. Therefore,
the agents are able to make real-time decisions for the V2V links.

For Scenario I, we aim to maximize the successful delivery rate of the V2V links
and the sum rate of the V2I links. We thus use a common reward for all agents
defined as

Rt = ω
∑

n→N

C i

n,t
+
∑

k→K

Dk,t +
∑

k→K

Uk. (3.22)

In (3.22), Dk,t is a stimulus used to encourage the agent to transmit packets if
the remaining packet data size is positive,

Dk,t =





Cv

k,t
if Bk > 0,

0, otherwise.
(3.23)

4The discrete action space here can be extended to a continuous action space easily as in the
continuous PG algorithm [33].
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Uk is determined after the episode ends and it indicates whether V2V link k

successfully deliver all its packets in the episode,

Uk =





”, if Bk ↘ 0 at the end of the episode,

0, otherwise.
(3.24)

Here, ” is a large positive constant to encourage agents to successfully deliver
all their data packets.

For Scenario II, we aim to maximize the weighted achievable sum rate of all
V2I links and V2V links. Therefore, we directly use the weighted achievable
sum rate as the reward as follows,

Rt = ω
∑

n→N

C i

n,t
+ (1↔ ω)

∑

k→K

Cv

k,t
. (3.25)
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Table 3.1: Simulation Parameters [1]
Parameter Value

Carrier frequency 2GHz
Bandwidth 4MHz
BS antenna height 25m
BS antenna gain 8dBi
BS receiver noise figure 5dB
Vehicle antenna height 5m
Vehicle antenna gain 3dBi
Vehicle receiver noise figure 9dB
Vehicle speed 10-15m/s
Vehicle drop and mobility model Urban case of A.1.2 in [1]
V2I transmit power {P i

n,t
} 23dBm

V2V transmit power {P v

k,t
} [23,10,5,-100]dBm

Noise power ↼2 -114dBm
V2V package delivery time 100ms
V2V link packet size 1060 bytes
Channel fast-fading updating time 1ms

3.5 Simulation Results

In this section, we demonstrate the performance of PASM for resource alloca-
tion in a NGMA V2X network through computer simulation. Our simulation
environment follows the urban case in Annex A of [1]. The channel models we
use in the simulation is the same as in [28]. We consider N V2I links and K

V2V links in the V2X network, where the V2V links are formed by each vehicle
and its neighbors. We test the performance of the proposed algorithm under
different (N,K) pairs. The simulation parameters are summarized in Table 3.1.

The policy deep neural network for each V2V link consists of three fully con-
nected hidden layers with 500, 250, and 120 neurons, respectively. The rectified
linear unit (ReLU) is used as the activation function in the input and three hid-
den layers. The output layer is connected to a softmax function so that the final
output is a probability distribution of the action. Each training episode consists
of 100 time slots. For Scenario I, we set the V2I link sum rate weight ω = 0.01

and the V2V successful delivery reward ” = 0.5, as the V2V package deliv-
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ery rate is more important. Hyper-parameters of PASM are set as ω = 1000,
⇁ = 10↑2, ς = 1, φ = 0.999, and rk = 0.1ω, ↗k. For Scenario II, we set ω = 0.1,
ω = 500, and other parameters the same as those in Scenario I.

We compare our PASM algorithm with the independent PG algorithm and the
FedAvg-based FRLPG algorithm [40]. Both algorithms employ Adam [53] op-
timizer to update the local policy deep neural networks and share the same
neural network structure with the PASM algorithm. The learning rate of the
PG algorithm and the FRLPG algorithm is set as 10↑4 and 10↑3, respectively5.
We also use two additional baselines. The first one is the random resource al-
location scheme, which randomly chooses the sub-channel and transmits the
power level. Typically, we have power control in practical systems, but this
random baseline is to show a lower bound of the system performance. The sec-
ond one is the centralized maxV2V proposed in [28], which provides an upper
bound of Scenario I by an exhaustive search scheme.6

3.5.1 Effect of Second Moments

We first verify the effectiveness of the adaptive stepsize of our algorithm. We
compare the moving average reward during the training phase of our pro-
posed algorithms with and without adaptive stepsize in both scenarios with
(N,K) = (4, 4).7 As shown in Fig. 3.4, the introduction of adaptive stepsize
accelerates the convergence speed in Scenario I, while it improves the perfor-
mance in Scenario II. This is similar to the case of the Adam and RMSprop
optimizers, whose effectiveness has been approved in many works in both AI
and communication communities. Therefore, we only compare our PASM al-
gorithm with adaptive stepsize with other baselines in the following simula-
tions.

5We set a slower learning rate for the PG algorithm because a slightly larger one (e.g., 10↑3)
makes the PG algorithm fail to learn a good policy. In addition, we find that the Adam opti-
mizer and RMSprop optimizer have very similar performance in the FRLPG and the Indepen-
dent PG algorithms. Therefore, we only show the results of Adam optimizer in the simulation.

6We only apply this baseline to the case of (N,K) = (4, 4), as the brute-force method has an
extremely high complexity when the number of agents increases.

7The moving average reward is calculated over 2000 episodes to reduce the performance
fluctuation caused by the vehicle mobility and the channel fading randomness.
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Figure 3.4: Moving average reward during the training phase in the two sce-
narios.
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Figure 3.5: V2V link packet delivery rate versus V2V link playload size

3.5.2 Scenario I

Next, we show the experiment results in Scenario I. We train the agents for
12000 episodes with (N,K) = (4, 4) and a playload size of 2120 Bytes and then
test them in another testing environment. To test the robustness of the pro-
posed algorithms to the V2V link playload size, we test the trained model in
the environment with (N,K) = (4, 4) and increasing V2V playload size. Fig.
3.5 plots the V2V package delivery rate versus the V2V playload size of the con-
sidered algorithms. With the playload size increasing, the V2V package deliv-
ery rate of all considered algorithms decreases. In addition, with any playload
size, the agent models trained by our proposed PASM algorithm always have
the best testing performance among all algorithms except for the brute-force
method, Centralized maxV2V. The FRLPG algorithm has better performance
than that of the independent PG algorithm. When a vehicle moves for a long
distance, the environment an agent observes changes significantly. With FL
manner, the agent is able to learn the environment from other agents’ knowl-
edge, but independent learners cannot. Therefore, the Independent PG algo-

76



Table 3.2: Testing performance (V2V link packet delivery rate) of Scenario I
with different (N,K) pairs

(N,K) PASM FRLPG Independent PG Random baseline
(4, 4) 0.9858 0.9588 0.8798 0.839
(6, 12) 0.9257 0.9222 0.8865 0.7797
(8, 24) 0.8979 0.8955 0.8295 0.8065
(6, 18) 0.7949 0.7439 0.6893 0.6281

rithm has relatively bad performance among all the considered algorithms.

To further test our proposed algorithm, we use the algorithms to train agents
in the environments with different (N,K) pairs, which is determined by the
environment, and then test these trained models in the corresponding envi-
ronments. The (N,K) pair controls the level of training difficulty, as it deter-
mines the V2V link density, K/N , the number of agents in the environment,
K, and the freedom degree of resource allocation, i.e., the number of avail-
able sub-channels, N . The performance of different algorithms under different
(N,K) pairs is summarized in Tab. 3.2.8 We observe that for all algorithms, the
larger link K/N , the worse performance they had, because a higher link density
means more crowded subchannels on average, leading to worse transmission.
The proposed PASM algorithm always has the best performance. In addition,
as we have explained above, the FRLPG algorithm has better performance than
the Independent PG algorithm due to the FL manner among the agents. These
results validate the efficiency of our proposed PASM algorithm in Scenario I.

3.5.3 Scenario II

In the sequel, we evaluate our proposed algorithm in Scenario II. Fig. 3.6 shows
the moving average reward of the PASM algorithm and the FRLPG algorithm
versus the number of training episodes in the training phase with different
(N,K) pairs. These results are obtained by training the agents using the cor-
responding algorithms for 15000 episodes and testing in another testing en-
vironment. We can see that when (N,K) = (4, 4), the PASM algorithm and

8We omit the Centralized maxV2V algorithm in this experiment due to its extremely high
computational complexity.
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Figure 3.6: Moving average reward of two algorithms during the training
phase.

the FRLPG algorithm have similar performance. However, when the number
of agents and the V2V link density increase, the PASM algorithm has a sig-
nificant performance gain over the FRLPG algorithm. This is because when
(N,K) = (4, 4), the weighted sum rate problem is relatively simple compared
with the case of (4, 8) and (8, 24), where the performance gain is significant.
The ADMM-based algorithm has better performance than the Fedavg-based
algorithm when the problem is highly non-convex. The relative training per-
formance gain of the PASM algorithm over the FRLPG algorithm even reaches
around 20% when (N,K) = (8, 24).

Then we evaluate the corresponding testing performance of the considered al-
gorithms in the testing environment. The testing performance of the considered
algorithms under different (N,K) pairs is summarized in Tab. 3.3. We can see
that the Independent PG algorithm outperforms the FRLPG algorithm when
(N,K) = (4, 8). This is because, in Scenario II, agents only optimize the system
weighted sum-throughput in the current time slot, while in Scenario I, agents
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Table 3.3: Testing performance (weighted average rate of all links) of Scenario
II with different (N,K) pairs

(N,K) PASM FRLPG Independent PG Random baseline
(4, 4) 4.0 Mbps 3.71 Mbps 3.17 Mbps 1.77 Mbps
(4, 8) 2.59 Mbps 2.15 Mbps 2.41 Mbps 0.91 Mbps
(8, 24) 2.72 Mbps 2.16 Mbps 2.54 Mbps 1.27 Mbps

have to optimize the V2V link package delivery rate, which is obtained after a
sequence of decisions. Therefore, it is easier for independent learners to learn a
good policy in Scenario II than in Scenario I. In addition, the Independent PG
algorithm allows each agent to keep its own policy instead of a shared policy,
which results in a larger degree of freedom. The easier problem setting and
the larger degree of freedom together contribute to the performance gain of the
Independent PG algorithm over the FRLPG algorithm. However, due to the
induction of Lagrange multipliers, the PASM algorithm can better tackle the
non-convexity of the problem and thus always has the best performance under
all environmental conditions, which is resulted from the fact that the “global
policy” is able to distinguish different agents from different input states if the
learning algorithm is powerful enough to tackle the complexity of the learn-
ing problem. These results validate the efficiency of our proposed algorithm in
Scenario II.
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3.6 Conclusion

We developed a PASM learning algorithm based on the framework of FRL.
The algorithm was implemented by inexact ADMM and benefited from two
critical techniques: the usage of the PG and the second moment of the Lagrange
multipliers. The former enabled the agents to gradually improve their policies
while the latter enabled an adaptive learning rate to accelerate and to improve
the training. We implemented PASM in a NGMA V2X network to train the
agents in an FL manner to optimize the V2V package delivery rate and the
system weighted sum-throughput. The numerical experiment has shown that
the FL manner does improve the learning process of the agents by sharing the
learned knowledge among the agents and that our proposed algorithm can
improve the performance of the resource allocation problem in the considered
NGMA V2X network.
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3.7 Proof of Lemma 3.3.1

Proof. Let ς := rk/(ω+ rk). It follows from (3.14b) and (3.16) that9

ϑj+1
k

= (1↔ ς)gj

k
+ ςϑj

k

= (1↔ ς)gj

k
+ (1↔ ς)ςgj↑1

k
+ ς2ϑj↑1

k

= · · ·

= (1↔ ς)
j∑

t=0

ςtgj↑t

k
+ ςj+1ϑ0

k

= (1↔ ς)
j∑

t=0

ςtgj↑t

k
,

the last equality is from ϑ0
k
= 0, which results in

∝ϑj+1
k

∝↔ ↘ (1↔ ς)
j∑

t=0

ςt
∝gj↑t

k
∝↔

↘ (1↔ ς)
j∑

t=0

ςt
∝gj↑t

k
∝↔

↘ (1↔ ς)(1↔ ⇁)
j∑

t=0

ςt

= (1↔ ςj)(1↔ ⇁)2 ↘ (1↔ ⇁).

Using the above condition v
0
c
= 0, and (3.19) we have

∝v
1
c
∝↔ ↘ ∝φv0

c
∝↔ +

1

K

∑

k→K

(1↔ φ)∝ϑ1
k
′ ϑ1

k
∝↔

↘ (1↔ φ)(1↔ ⇁)2 < (1↔ ⇁)2,

9For better readability, we omit the indices of the unreferenced equations in the appendix.
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which further leads to

∝v
2
c
∝↔ ↘ ∝φv1

c
∝↔ +

1

K

∑

k→K

(1↔ φ)∝ϑ2
k
′ ϑ2

k
∝↔

↘ φ(1↔ ⇁)2 + (1↔ φ)(1↔ ⇁)2 = (1↔ ⇁)2.

By deduction, we can show that ∝vj

c
∝↔ ↘ (1↔ ⇁)2 for any j = 1, 2, 3, · · · .
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3.8 Proof of Theorem 3.3.2

For convenience, we define some updating gaps as follows,

!ωj+1
k

= ωj+1
k

↔ ωj

k
, !ϑj+1

k
= ϑj+1

k
↔ ϑj

k
,

!ωj+1
c

= ωj+1
c

↔ ωj

c
, !ωj+1

kc
= ωj+1

k
↔ ωj

c
,

!ω̃j+1
kc

= ωj+1
k

↔ ωj+1
c

(3.26)

For notational convenience, we write

∑
:=

∑
k→K .

Based on the gradient Lipschitz continuity, we have the following descent in-
equality for a gradient-Lipschitz-continuous function f(.),

f(x)↔ f(y) ↘ ↑f(w)⇐(x↔ y) +
l

2
∝x↔ y∝

2, (3.27)

where w can be x or y, and l > 0 is the Lipschitz constant. For X = (x1,x2, · · · ,xK),
Y = (y1,y2, · · · ,yK), if f(X) is Lipschitz continuous, we have

f(X)↔ f(Y)

↘

∑
↑wk

f(W)⇐(xk ↔ yk) +
l

2
∝xk ↔ yk∝

2

,

(3.28)

where W = (w1,w2, · · · ,wK) can be X or Y. Similarly, let ”i := (ωi

1,ω
i

2, . . . ,ω
i

K
), i =

1, 2, by (3.12) we have,

∑
∝↑ωkφ(”

1)↔↑ωkφ(”
2)∝2 ↘ l2

∑
∝ω1

k
↔ ω2

k
∝
2. (3.29)

Proof. We prove the first part of Theorem 3.3.2 by analyzing the gap between
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two consecutive updates. We rewrite the gap as a sum of three parts as follows,

L(Zj+1)↔ L(Zj) = ej+1
1 + ej+1

2 + ej3,

ej+1
1 := L(”j+1,#j,ωj

c
)↔ L(”j,#j,ωj

c
),

ej+1
2 := L(Zj+1)↔ L(”j+1,#j,ωj

c
),

ej3 := L(”j,#j,ωj

c
)↔ L(Zj).

1) We first derive the upper bound of ej+1
1 , which indicates the updating impact

of ωk, ↗k. Based on the gradient Lipschitz continuity of φ, we have,

ej+1
1 = ↔φ(”j+1) + φ(”j)

+
∑

(ϑj

k
)⇐!ωj+1

k
+

ω

2
(∝!ωj+1

kc
∝
2
↔ ∝!ωj

kc
∝
2)


↘

∑
(g̃j+1

k
+ ϑj

k
)⇐!ωj+1

k
+

l

2
∝!ωj+1

k
∝
2

+
ω

2
(∝!ωj+1

kc
∝
2
↔ ∝!ωj

kc
∝
2)

, (3.30)

where g̃j+1
k

:= ↔↑ωkφ(”
j+1) and the inequality is from (3.28). Then, we have,

pj+1
k

:= (g̃j+1
k

+ ϑj

k
)⇐!ωj+1

k
+

l

2
∝!ωj+1

k
∝
2

+
ω

2
(∝!ωj+1

kc
∝
2
↔ ∝ωj

k
↔ ωj+1

k
+ ωj+1

k
↔ ωj

c
∝
2)

=

g̃j+1
k

+ ϑj

k
+ ω!ωj+1

kc

⇐
!ωj+1

k
+

l ↔ ω

2
∝!ωj+1

k
∝
2

(3.16)
=


g̃j+1
k

↔ gj

k
↔ rk!ωj+1

kc

⇐
!ωj+1

k
+

l ↔ ω

2
∝!ωj+1

k
∝
2.

Then using two facts 2a⇐
b ↘ t∝a∝2 + (1/t)∝b∝2 for any a,b and t > 0 and
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rk → (0, ▷], we have

pj+1
k

↘
1

2l
∝g̃j+1

k
↔ gj

k
↔ rk!ωj+1

kc
∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2

↘
1

l
∝g̃j+1

k
↔ gj

k
∝
2 +

r2
k

l
∝!ωj+1

kc
∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2

↘
1

l
∝g̃j+1

k
↔ gj

k
∝
2 +

l2

l
∝!ωj+1

kc
∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2

=
1

l
∝g̃j+1

k
↔ gj

k
∝
2 + l∝!ωj+1

kc
∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2.

Therefore, from (3.30) and the above condition we derive

ej+1
1 ↘

∑
pj+1
k

↘

∑1
l
∝g̃j+1

k
↔ gj

k
∝
2 + l∝!ωj+1

kc
∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2


(3.29)
↘

∑
2l∝!ωj+1

kc
∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2


(3.14b)
=

∑ 2l
ω2

∝!ϑj+1
k

∝
2 +

2l ↔ ω

2
∝!ωj+1

k
∝
2

. (3.31)

2) For ej+1
2 regarding the impact of updating ϑk, ↗k, we have

ej+1
2 =

∑
(!ωj+1

kc
)⇐!ϑj+1

k

(3.14b)
=

1

ω

∑
∝!ϑj+1

k
∝
2. (3.32)

3) We next derive the upper bound for ej3 about ωc. For simplicity, let wj

c
:=√

v
j
c + ⇁. By Lemma 3.3.1, we have ∝w

j

c
∝↔ → [⇁, 1). Based on the updating steps

(3.17) and (3.20), we have the following equation,

∑
!ωj

kc
+

1

ωwj
c

′ ϑj

k


= 0,

which immediately results in

∑
↔ϑj

k
=

∑
ωwj

c
′!ωj

kc
. (3.33)

85



It follows from (3.13) and the above condition that

ej3 :=
∑

↔ (ϑj

k
)⇐!ωj

c
+

ω

2
(∝!ωj

kc
∝
2
↔ ∝!ωj

kc
∝
2)


(3.34)

=
∑

ω(wj

c
′!ωj

kc
)⇐!ωj

c
+

ω

2
(∝!ωj

kc
∝
2
↔ ∝!ωj

kc
∝
2)

.

The following part aims to estimate the right-hand side of (3.34).

qj
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where the last three inequalities used ∝w
j

c
∝↔ → [⇁, 1) and ⇁ → [1/2, 1]. By (3.14b),

we have !ωj

kc
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and hence
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where the second inequality is from ∝a + b∝
2
↘ (1 + t)∝a∝2 + (1 + 1/t)∝b∝2 for
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any a,b and t > 0, which together with (3.34) derives
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
.

4) It follows from (3.16) and (3.14b) that ϑj+1
k

= rk(ωj

c
↔ ωj+1

k
) ↔ gj

k
. Then, we

have,
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k
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c
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k
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k
↔ gj

k
, (3.35)

which by rk → (0, l] and (3.29) suffices to
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5) We sum ej+1
1 , ej+1

2 and ej3 and use (3.37) to obtain
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where the last inequality is due to ω ⇔ 10l. From (3.38), we can conclude that
sequence {L(Zj)} is a non-increasing.
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6) Based on the descent inequality (3.28), we have,
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where the equality is due to (3.14b) and (3.16). This results in
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Therefore, we have L(Zj+1) > ↔∞ for due to ω ⇔ 10l. This together with the
non-increasing property of {L(Zj)} shows that {L(Zj)} is convergent. Then
taking the limit of the both sides of (3.38) immediately leads to limj⇒↔ ∝!ωj

k
∝ =

0 and limj⇒↔ ∝ωj

c
∝ = 0, which by (3.37) contributes to limj⇒↔ ∝!ϑj+1
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∝ = 0 and
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kc

∝ = 0 by (3.14b).
7) Based on (3.14b) and (3.16), we have,
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(3.39)
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For the first term in (3.39), by (3.33), we can conclude that
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The above condition, limj⇒↔ ∝!ωj+1
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∝ = 0, and (3.39) show limj⇒↔ ∝
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k
gj

k
∝ =

0.
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Chapter 4

Rescale-Invariant Federated
Reinforcement Learning for
Resource Allocation in V2X
Networks

In this chapter, we improved the Federated Reinforcement Learning (FRL) by
model alignment. We proposed a Rescale-Invariant FRL (RIFRL) framework to
train the Policy Gradient (PG) based Multi-Agent Deep Reinforcement Learn-
ing (MADRL) systems, which can be applied to Federated Learning (FL) prob-
lems targeting at ReLU-activated Deep Neural Networks (DNNs). Specifically,
we exploited the node-wise invariant property of ReLU-activated DNNs, by
which we can rescale the weights of the DNN without changing the input-
output map of the DNN. We rescaled the DNNs to align local models across all
clients to improve the aggregation efficiency without introducing additional
communication overhead. The RIFRL algorithm was then applied to the re-
source allocation problem in a V2X network. Simulation results show that the
RIFRL has faster convergence speed and better convergent performance than
the baseline algorithms.
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4.1 Introduction

As we have already discussed in Chapters 1 and 3, Federated Reinforcement
Learning (FRL) is a promising technique for the resource allocation problems
in vehicle-to-everything (V2X) networks. Despite the great potential of FRL,
many FL-based algorithms, such as FedAvg [40], FedProx [43], and FedGiA
[85], face performance degradation when local devices hold significantly differ-
ent data, including non-independent-and-identically-distributed (non-iid) data
or inhomogeneous data. Moreover, these algorithms pay much attention to the
optimization model of a learning problem and thus do not make full use of the
structures of neural networks. For example, ReLU-activated neural networks
exhibit the node-wise invariance property [88]. By harnessing this feature, we
can rescale the models for local devices to mitigate the influence of data differ-
ences and consequently enhance learning performance.

4.1.1 Specific Contributions of this Chapter

The major contribution of this chapter lies in the development of the Rescale-
Invariant FRL (RIFRL) algorithm for resource allocation in V2X networks. The
algorithm fully exploits the node-wise invariance property of ReLU-activated
neural networks, thereby remarkably improving the learning process of the
FRL system under various configurations. Furthermore, the proposed Back-
ward Rescale-Invariant Operation (BRIO) could prove advantageous in en-
hancing the performance of many distributed algorithms when addressing chal-
lenges posed by data discrepancy.
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4.2 System Model and Problem Formulation

This chapter considers the scenario I of Chapter 3. For readability, we rephrase
the system model in this section. The resource allocation for an orthogonal
frequency-division multiple access based single-antenna V2X network is intro-
duced as follows.

In the V2X system, a roadside unit provides vehicle-to-infrastructure (V2I) link
services to N vehicles in the system and there are K vehicle-to-vehicle (V2V)
links connecting neighbour vehicles. Assume that each V2I link is allocated an
orthogonal sub-channel, as it provides high-data-rate services to each vehicle.
Therefore, the number of orthogonal sub-channels is the same as the number
of the V2I links. The V2V links are enabled by device-to-device communica-
tion and reuse the uplink sub-channels of the V2I links to improve the spectral
efficiency. By denoting the sets of V2I and V2V links as N = {1, 2, . . . , N} and
K = {1, 2, . . . , K}, respectively, V2I link n is allocated with sub-channel n.

At time slot t, V2I link n receives the interference signals from V2V links. There-
fore, the SINR for V2I link n can be expressed as follows,

↽i,t

n
=

|ht

n
[n]|2P i,t

n

↼2 +
∑

k→K ωt
k
[n]|h̃t

k
[n]|2P v,t

k

, (4.1)

where ht

k
[n] denotes the channel gain of V2I link n and h̃t

k
[n] represents the in-

terference channel gain between the transmitter of V2V link k and the road side
unit in sub-channel n at time slot t. P i,t

n
and P v,t

k
are the transmit power of V2I

link n and that of V2V link k at time slot t, respectively. ↼2 is the variance of the
additive Gaussian white noise. The binary variable, ωt

k
[n], represent whether

sub-channel n is allocated to V2V link k for transmission, i.e., ωt
k
[n] = 1 if al-

located, ωt
k
[n] = 0 otherwise. Thus the rate for V2I link n at time slot t can be

expressed as,
Ri,t

n
= W log(1 + ↽i,t

n
), (4.2)

where W denotes the bandwidth of each sub-channel.

Similarly, at time slot t, V2V link k receives the interference signals from other

92



V2V and V2I links. The corresponding SINR for V2V link k in sub-channel n is
given by,

↽v,t

k
[n] =

ωt
k
[n]|gv,t

k,k
[n]|2P v,t

k

↼2 + I i,t
k
[n] + Iv,t

k
[n]

, (4.3)

where gv,t
k,k

[n] denotes the channel gain of V2V link k at time slot t, I i,t
k
[n] and

Iv,t
k
[n] represent the received interference power at the receiver of V2V link k

from all V2I links and from other V2V links, respectively. Specifically, I i,t
k
[n] =

|h̃t

k,n
[n]|2P i,t

n
and Iv,t

k
[n] =

∑
k↑→K,k↑ ↓=k

ωk↑ [n]|g̃
v,t

k,k↑ [n]|
2P v,t

k↑ , where h̃t

k,n
[n] is the in-

terference channel gain between the transmitter of V2I link n and the receiver
of V2V link k, and g̃v,t

k,k↑ [n] is that between the transmitter of V2V link k↘ and the
receiver of V2V link k in sub-channel n. The rate of V2V link k is thus given by,

Rv,t

k
=

∑
n→N W log(1 + ↽v,t

k
[n]). (4.4)

V2V links are responsible for transmitting the periodically generated safety-
related information. Therefore, we aim to allocate the transmit power and sub-
channels to the V2V links to maximize the V2V package delivery rate within a
given time duration, i.e., Pr(Ts

∑
t→T R

v,t

k
> Ds), ↗k, for the V2X system with-

out causing severe interference to the V2I links, where Ds denotes the size of
data package, Ts denotes the duration of each time slot, and T = {1, 2, . . . , T}

denotes the set of transmission time indices. Note that the V2V link delivery
rate is a long-term value, which can be effectively dealt with by Reinforcement
Learning (RL) as it suits sequential decision-making for a long-term goal. In
addition, in the system, we also employ Federated Learning (FL) to combat
local observability.
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4.3 Framework of RIFRL

In this section, we first formulate the resource allocation problem in the V2X
system as a multi-agent Partially Observable Markov Decision Process (POMDP)
and then design the RIFRL algorithm to solve the problem.

4.3.1 Multi-agent POMDP and policy gradient for the V2X sys-
tem

The designed V2X system can be formulated as a POMDP with a tuple ↖K, st,
a
(k)
t , R(k)

t , z(k)t , P, O↙, where K is the number of agents, st is the environment
state at time t, a(k)

t is the action at time t of agent k, z(k)t = O(st, k) is the local
observation obtained by agent k, observation function O(·, ·) maps state st to
specific observation z

(k)
t of agent k, R(k)

t is the local reward received by agent k
from the environment, and P (st+1 | st, at) is a transition probability from state
st with joint action at = (a(1)

t , a(2)
t , . . . , a(K)

t ) to next state st+1. In practice, we
only use available ↖K, a(k)

t , R(k)
t , z(k)t ↙ to train the system. Other quantities are

automatically and implicitly learned by the agents during training.

In the V2X system, each V2V link k is deemed as an agent k and makes deci-
sions for itself. Therefore, we define

a
(k)
t = (P v,t

k
, fk

t
), (4.5)

where P v,t

k
→ {23, 15, 5,↔100} dBm is limited to discrete values for the sake of

both ease of learning and practical circuit restriction and fk

t
→ N denotes the

selected sub-channel index for agent k. (We restrict the number of selected
sub-channels for each V2V link to 1.) We use the available information [28] as
the observation information for each agent, i.e.,

z
(k)
t =


ht

n
[n], h̃t

k,n
[n], gv,t

k,k
[n], g̃v,t

k,k↑ [n], I
v,t↑1
k

[n] + I i,t↑1
k

[n],

↗n → N, k↘
→ K,qk, T

t

k
, Bt

k
, k

,

(4.6)

where qk is the relative position of the transmitter to the receiver of link k, T t

k
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and Bt

k
are the remaining time budget and the remaining data package size.

Moreover, all agents share a common reward so that they can learn to cooper-
ate. We give all the agents a reward of 0.5, once a V2V link successfully delivers
its data package within the given time period. Therefore, considering the V2I
link transmission quality, the reward for agent k is given by,

R(k)
t = 0.5 ⇑Qt + 0.1 ⇑

∑
n
Ri,t

n
, (4.7)

where Qt denotes the number of V2V links that complete data package trans-
mission in time slot t.

The general idea of POMDP is given as follows. At time t, each agent k simul-
taneously selects and implements an action a

(k)
t based on its observation of the

environment, z(k)t . Subsequently, the environment returns a local reward, R(k)
t ,

to each agent k and it state st transits to the next state, st+1, with a transition
probability P (st+1 | st, at). In the next time step, t + 1, each agent k obtains a
new observation of the environment, z(k)

t+1 = O(st+1, k). Throughout the chap-
ter, we set a common shared reward for all agents so that the targeted system
is a Markov potential game. According to [86], the policy gradien (PG)-based
algorithm for the game can finally converge to an approximate Nash equilib-
rium. Therefore, we build the FRL framework based on a PG-based algorithm.

PG-based methods directly optimize the policy of agents to maximize the long-
term reward, i.e., each agent k aims to maximize its accumulative reward R(k)(ϱ) =
∑

T

t=1 R
(k)
t over trajectory ϱ , namely

max yk(!) = Eω (R
(k)(ϱ)), (4.8)

where ! is the joint policy of all agents and trajectory ϱ = {(z(k)t , a(k)
t , R(k)

t )|↗k → K, t → T}
is collected by implementing the joint policy of all agents and interacting with
environment for a time period of T .

We use a fully ReLU-based multi-layer neural network as an approximator of
the policy. For agent k, we denote its trainable parameters as ωk (i.e., networks’
weights and biases to be trained). The corresponding policy is then expressed
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as ϖk(a
(k)
t |z

(k)
t ;ωk) (i.e., networks’ outputs). After interacting with the environ-

ment for T time slots, each agent k can calculate its approximate PG as fol-
lows [86],

↑ωkyk(!) ↓ Eω


R(k)(ϱ)

T∑

t=1

↑ log ϖk(a
(k)
t |z

(k)
t ;ωk)


. (4.9)

With the above PG, the gradient ascent-based optimizers (e.g., RMSprop [89])
can be used to train the networks.

Algorithm 3 RIFRL

1: Input: Initial global model ω̃0
g
, number of training episodes J , and aggre-

gation interval G.
2: for episode index j = 0, 1, . . . , J do
3: --Local learning steps--
4: for each agent k → K in parallel do
5: Update its local model by ωj

k
= ω̃j

g
, if receive ω̃j

g
from the server.

6: Sample a trajectory ϱ j
k

based on current policy ϖk(.;ω
j

k
) and calculate

the PG based on (4.9).
7: Update ωj+1

k
by applying a gradient ascent-based optimizer to train the

neural networks.
8: if j mod G == 0 then
9: Rescale ωj+1

k
by BRIO to get ωj+1

k
.

10: Upload rescaled model ωj+1
k

to the server.
11: end if
12: end for
13: --Global aggregation--
14: if j mod G == 0 then
15: for the central server do
16: Update global model ωj+1

g
= 1

K

∑
K

k=1
ωj+1
k

.
17: Rescale ωj+1

g
by BRIO to get ωj+1

g

18: Broadcast rescaled model ωj+1
g

to all agents.
19: end for
20: end if
21: end for
22: Output: Trained global model, ωJ+1

g
.
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4.3.2 RIFRL algorithm

The RIFRL algorithm is presented in Algorithm 3. In this FRL system, we treat
K agents as edge nodes, place a central server to aggregate local models {ωk :

↗k → K} from agents, and broadcast the aggregated global model, ωg, to all
agents. All agents update their local models in each episode and aggregation
happens every G episode. At Step 5, local updates for all agents begin with the
same models, ωj

k
= ω̃j

g
. In Step 6, each agent interacts with the environment

based on the policy represented by their local models, obtains the experience
trajectory of the current episode, and calculates the corresponding PG using
(4.9). In Step 7, each agent updates the local model using the obtained PG
and the gradient ascent method. At Step 16, the central server aggregates the
knowledge of all agents.

Due to data discrepancy or heterogeneity, local updates can experience client
drifts, i.e., the local model updating direction varies among different clients.
This client drift degrades the aggregation efficiency and thus slows down the
convergence speed. To mitigate this effect, we exploit the node-wise invariance
property of ReLU-activated neural networks, i.e., force all local models to stay
in the same solution space without changing the neural network input-output
mapping. We improve the FRL algorithm by adding two backward rescale
steps before and after the aggregation step in Steps 9 and 17. The BRIO is
introduced in the next subsection.

Note that although the FRL algorithm targets a global shared model, only
model parameters are shared among all agents and the same model can still
output a unique policy for each agent based on different observations of differ-
ent agents.

4.3.3 Rescale for ReLU activated linear layers

As shown in Fig. 4.1, node-wise invariance is based on the fact that for a ReLU-
activated neuron network or subnetwork, if we multiply the input weights of
this node by ς > 0 and multiply the output weights of this node by 1

ϖ
, then the
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Figure 4.1: Node-wise invariance.

input-output map of this node does not change.1 Now we integrate this idea in
a fully connected network with L↔ 1 ReLU-activated linear layers.

Let the input, output, weight matrices, and bias of the ReLU activated network
be x

1, y, (W1, . . . ,WL) and (b1, . . . ,bL), respectively. Then we have the input-
output relationships as follows,

x
ϱ+1 = ReLU(Wϱ

x
ϱ + b

ϱ), ▷ = 1, . . . , L↔ 1,

y = W
L
x
L + b

L.
(4.10)

Left multiplying a diagonal matrix D
l+1 with positive diagonal entries to both

sides of (4.10) yields that

xϱ+1 = D
ϱ+1

x
ϱ+1

= D
ϱ+1ReLU(Wϱ

x
ϱ + b

ϱ)

= ReLU(Dϱ+1
W

ϱ
x
ϱ +D

ϱ+1
b
ϱ)

= ReLU(Dϱ+1
W

ϱ(Dϱ)↑1xϱ +D
ϱ+1

b
ϱ),

D
L
y = D

L+1
W

L(DL)↑1xL +D
L+1

b
L,

(4.11)

where the third equation is due to the homogeneity2 of ReLU and the last two
equations are from xϱ = D

ϱ
x
ϱ. The above equations indicate that we obtain

1For expression consistence, we use “network” to refer to network or subnetwork in this
section.

2A function f is homogeneous if f(ωx) = ωf(x) for any ω > 0.
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another network with xϱ being the input vector of the ▷-th linear layer. The
input and output of the new network are x1 and D

L+1
y. To make the two

networks equivalent, we set D1 and D
L+1 to be identity matrices. Then we get

a new equivalent network with the ▷-th layer’s weight matrix and bias vector
being

Wϱ = D
ϱ+1

W
ϱ(Dϱ)↑1 and bϱ = D

ϱ+1
b
ϱ. (4.12)

To choose a proper diagonal matrix D
ϱ, we adopt the idea to normalize Wϱ to

have unit columns. To fulfil that, we can calculate the i-th diagonal entry of
matrix D

ϱ in a backward rescale order of ▷ = {L, . . . , 1} as follows,

D
ϱ

ii
=





1, ▷ → {1, L+ 1},

∝(Dϱ+1
W

ϱ):i∝, ▷ → {2, 3, . . . , L},
(4.13)

where ∝(Dϱ+1
W

ϱ):i∝ denotes the Euclidean norm of the i-th column of Dϱ+1
W

ϱ.
One can observe that the above choice of Dϱ normalizes each column of Dϱ+1

W
ϱ

so that Wϱ has unit columns. We call such an operation the BRIO and present
it in Algorithm 4.

Algorithm 4 BRIO
1: Initialize: A fully connected neural network with L ↔ 1 ReLU activated

linear layers and a linear output layer with weight matrices (W1, . . . ,WL)
and bias (b1, . . . ,bL).

2: For ▷ = L to 1, calculate (DL+1, . . . ,D1) by (4.13).
3: Return rescaled weight matrices (W1, . . . , WL) and bias (b1, . . . , bL) by

(4.12).

To integrate BRIO into RIFRL, we let ω = (W1, . . . ,WL, b1, . . . ,bL) and the
rescaled model ω = (W1, . . . , WL, b1, . . . , bL). Thanks to this, for each agent k,
the components in ωk corresponding to Wϱ, ▷ → {2, 3, . . . , L} have unit columns
so that the main components in ωk corresponding to W

ϱ, ▷ → {2, 3, . . . , L} for
different agents become similar, which is beneficial to the model aggregation
and thus improves the learning process.
Remark 4.3.1. To end this section, we would like to point out that the BRIO can be

extended to neural networks with other activation functions if they are homogeneous.
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This is because equations (4.11) still hold if we replace ReLU with these functions.

Typical homogeneous activation functions are piecewise linear functions such as leaky

RuLU [90] and parametric ReLU [91]. Therefore, the RIFRL algorithm can be flexibly

adjusted based on other neural networks with homogeneous activation functions.
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4.4 Simulation Results

In this section, we demonstrate the performance of our proposed RIFRL al-
gorithm for the resource allocation problem in a V2X system. We follow the
urban case in Annex A of [1], which simulates 9 blocks in total with an area
size of 1299m∋750m and with both line-of-sight and non-line-of-sight chan-
nels. The corresponding channel parameters are set the same as Table I and
Table II in [28]. We consider 8 vehicles and thus 8 V2I links as well as 8 sub-
channels. The number of V2V links, K, is set to 24 and V2V package data size
Ds is set to 2120 Bytes if not specified.

The policy neural network for each V2V link consists of three fully connected
hidden layers with 500, 250, and 120 neurons, respectively. ReLU is employed
as the activation function in all layers except for the outermost layer where the
softmax function is adopted so that the policy network can output a probability
vector for the action candidates.

We compare three learning methods and a random baseline that randomly se-
lects actions is used to show the system performance without optimization. The
three learning methods are the independent PG algorithm, the FedAvg-based
FRL algorithm (short for FRL), and RIFRL. We set the learning rate for FRL and
RIFRL as 10↑3 but for independent PG as 10↑4 and the optimizer as RMSprop
optimizer. This is because a slightly larger learning rate makes independent
PG fail to learn a good policy. We set the time duration of each time slot as 1
ms and each training episode consists of 100 time slots. Both FRL and RIFRL
aggregate agents’ models once every 5 training episodes, i.e., G = 5.

We begin by comparing and analyzing the learning processes of three algo-
rithms. Fig. 4.2 illustrates the normalized moving average reward throughout
the training phase.3 In comparison with independent PG, two FRL algorithms
can enhance the learning process by empowering each agent to acquire knowl-
edge beyond its individual observations. This is because the V2V delivery
probability is a long-term optimization target, which is challenging for inde-

3The moving average is calculated over the reward of 500 episodes and each curve is the
mean of 35 independent training trajectories.
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Figure 4.2: Moving average reward of 3 algorithms.

pendent PG using a single agent to explore the relation between the long-term
reward and the instantaneous local observations.

Among the three algorithms, RIFRL improves both the learning speed and con-
vergent performance remarkably. These improvements stem from the BRIO,
which adjusts the local models of agents to make them more similar to each
other, thereby shrinking the solution space of each agent’s optimization prob-
lem and enhancing the aggregation performance. We highlight that RIFRL is
able to achieve comparable performance to FRL with around 1600 fewer train-
ing episodes. Please note that a performance of 1 cannot be reached even if
infinite computational resource is available, because severe channel fading can
lead to the failure of V2V link transmission.

Next, we evaluate the trained models of all algorithms, as well as a MARL
algorithm from [28], by employing them in another testing environment. Fig.
4.3 illustrates the performance of different algorithms in terms of V2V packet
delivery probability when varying the size of V2V data package. It is noticeable
that the probability decreases as the data size increases for all algorithms. It is
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Figure 4.3: V2V delivery probability of 5 algorithms.

clear that RIFRL outperforms the others. The MARL algorithm from [28] does
not deliver desirable results. This is because it has been designed to address
the static environment, while the environment considered for our simulation is
dynamic due to the change of positions of vehicles.

Finally, to assess the adaptation ability of the algorithms under varying envi-
ronmental configurations, we modify the number of V2V links (i.e., the number
of agents), which impacts the V2V link density per resource block and conse-
quently results in diverse environmental statistics. As illustrated in Fig. 4.4, it
becomes evident that as the number of V2V links increases, the V2V package
delivery probability decreases, indicating poorer performance. This degrada-
tion is attributed to the increased competition among V2V links sharing the
same sub-channel. Once again, RIFRL exhibits the highest probability, high-
lighting its desirable effectiveness in adapting to different environmental con-
figurations.
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4.5 Conclusion

The performance enhancement for resource allocation problems in V2X net-
works arises from two aspects: the integration of FL and RL and the exploita-
tion of node-wise invariance of ReLU-activated neural networks. This chapter
has enabled us to design a useful procedure BRIO. We believe that the devel-
oped architecture and the BRIO hold the potential to address many other ap-
plications, as long as they can be formulated as a FL problem and the targeted
DNN model is ReLU-activated. This deserves further investigation.
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Chapter 5

Neural Collapse based Deep
Supervised Federated Learning for
Signal Detection in OFDM Systems

In this chapter, we improved Federated Learning (FL) by hidden feature align-
ment. We exploited the Neural Collapse (NC) phenomenon, where the last
layer hidden features and the output layer weights finally converge to Equian-
gular Tight Frames (ETFs) and are linearly aligned under the universal approx-
imation assumption of Deep Neural Networks (DNNs). We introduced an aux-
iliary classifier to the DNN at each client and used the NC weights to deeply
supervise the hidden features across all clients. In this way, the hidden weights
were better aligned without additional communicational and computational
overheads. To apply this Neural Collapse based Deep Supervised Federated
Learning (NCDSFL) framework to signal detection task, we further derived the
NC solution for multi-binary classification problems and proved its optimality.
Simulation results show that the proposed NCDSFL algorithm has faster con-
vergence speed than the baseline algorithm under various channel conditions.
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5.1 Introduction

Deep learning (DL) has been recognized as a powerful tool to enhance wire-
less communication systems in various perspectives (see Chapter 1 for detailed
background and literature review), whose performance is highly dependent
on the quality of the training dataset. In many wireless communication sys-
tems, as illustrated in Fig. 5.1, user devices can only observe a partial wire-
less environment, which is characterized by its unique Power Delay Profile
(PDP) determined by the positions of User Devices (UDs), the base station and
the scatterers. Collecting data from all users is expensive and a privacy viola-
tion, which makes DL-based methods less practical for training a generalizable
model. Federated Learning (FL) is thus employed to address this challenge.
However, the local datasets of clients are usually heterogeneous due to users’
local observability, which can lead to slow convergence speed of the FL algo-
rithm and thus increase communication overhead [43].

To mitigate the client drift effect caused by data discrepancy, feature align-
ment can be exploited [43, 92–94]. FedProx [43] penalizes the difference be-
tween local client model and the global model during the local training up-
dates, which implicitly aligns the features of local model and that of the global
model. MOON [93] uses contrastive learning to encourage the similarity be-
tween the local model feature representation and the global model feature rep-
resentation. The authors of [94] permute the hidden elements within each layer
so that the hidden elements with similar feature extraction signatures can be
matched and aggregated. The aforementioned methods validate the benefits of
feature alignment in FL but require additional computational overhead or treat
model parameters equally ignoring the effect of dataset. To implement the FL
algorithm in real wireless systems, it is important to reduce both communica-
tion and computation overhead.

5.1.1 Specific Contributions of this Chapter

In this chapter, we focus on training a joint channel estimation and signal
detection neural receiver by FL aggregating the knowledge learned by dif-
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ferent client user devices with local observability while preserving data pri-
vacy. We propose a Neural Collapse based Deep Supervised Federated Learn-
ing (NCDSFL) framework to mitigate the client drift effect. Neural collapse
(NC) [95] describes the optimal condition for classifiers and hidden features
under the universal approximator assumption on DNNs. The NC duality es-
tablishes the geometric link between the classifiers and the hidden features,
i.e., they converge to the same Equiangular Tight Frame (ETF) and are finally
linear aligned. Therefore, it is possible to align the hidden features by using
the same fixed auxiliary classifiers and the same loss function to supervise the
hidden features at each client user device by Deep Supervision (DS) [96]. This
NC inspired DS is carried out by adding a regularization term to the local train-
ing loss at each client user device. Therefore, the NCDSFL algorithm reduces
the model parameters to be updated and transmitted. In addition, the signal
detection task can be formulated as a multi-binary classification problem. We
derive the NC form for the multi-binary classification problems, which has not
been addressed in the literature yet. The main contributions of this work can
be summarized as follows.

• We provide an explicit NC solution for a multi-binary classification prob-
lem and rigorously establish its optimality by revealing the relationship
between an NC and a global solution to the problem. To the best of our
knowledge, this has not been addressed in the existing literature.

• We then introduce the technique of DS in a DNN by adding one auxil-
iary layer connected to the third-to-last layer. This approach can be inter-
preted as incorporating a regularization term into the objective function
of the target optimization model. During training, we fix the weights at
both the output layer and the auxiliary layer using two derived NC solu-
tions. As a result, the number of trainable parameters is reduced.

• We integrate DS-based DNNs, with a portion of their weights fixed us-
ing NC solutions, into an FL paradigm. This design encourages differ-
ent clients to produce similar hidden features at both the penultimate
and auxiliary layers. A hidden feature refers to the output of a specific
layer of neurons; see (5.11) for a detailed definition. Consequently, the
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proposed NCDSFL algorithm can effectively address data heterogeneity
and achieve fast convergence, as demonstrated by simulation results on
signal detection in Orthogonal Frequency Division Multiplexing (OFDM)
systems compared to several baseline methods. Furthermore, we empiri-
cally validate the emergence of the NC phenomenon in multi-binary clas-
sification tasks.

5.1.2 Related Works

NC [95], first defined in [97], is a terminal state of neural networks at the end
of the training phase. NC provides an elegant mathematical analysis on the
features and the parameters of the last layer by peeling the them off the neural
network and treating them as free variables under the universal approximator
assumption on neural networks. A specific NC form depends on formulation
of the DNN training problem, but usually includes four properties: collapse of
variability, preference towards a simplex ETF, self-dual alignment and simplifi-
cation to nearest class center. A family of researches on NC with different con-
figurations has been conducted. The authors of [97] study the canonical classifi-
cation problem with CrossEntropy loss and first define NC. The authors of [98]
further analyze the landscape of the CrossEntropy loss with weight decay and
find that only global minimizers are simplex ETFs while all other critical points
are strict saddle points, which explains why CrossEntropy is a effective loss
function for classification problem. In [99], the authors investigated how label
corruption influences collapse, showing that neural collapse can still manifest
but with altered geometric structure due to memorization effects. In [100], the
authors analyze the gradients of CrossEntropy loss and propose replacing the
final learnable classifier with fixed ETF classifiers and an alternative loss func-
tion, which has a theoretical convergence rate not worse than the CrossEctropy
loss with learnable classifiers. Beside the multiclass classification problem, NC
for multivariate regression is recently proved in [101]. In addition, the authors
of [102] investigate the NC for multi-label classification problems using pick-
all-label loss, where each data sample can be classified to multiple classes. DL
based signal detection can be modeled as a multi-binary classification prob-
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lem, which is equivalent to multi-label classification problem. However, the
method from [102] requires a threshold to determine how many labels to pick
for one data sample in the prediction phase, which does not fit our considered
signal detection task. We therefore derive a different NC form for multi-binary
classification problems and prove its global optimality.

DS was first proposed in [96], which adds supervision to the intermediate hid-
den features of DNNs. By doing so, DS can mitigate the gradient vanishing
issue, help the DNN learn more discriminative features and thus improve the
DNN performance [103]. It is later applied to many different computer vi-
sion tasks like image segmentation, object detection, image super-resolution,
etc. [104–106]. The aforementioned MOON [93] algorithm can also be classified
into the DS category, as it introduces regularization terms of the intermediate
hidden features, which is then optimized with the main loss function together.
NC defines the optimal solution form for the outout layer related variables,
naturally, we can use the fixed ETF weights as the auxiliary classifiers as in the
output layer due to their optimality. However, to the best of our knowledge,
DS related works haven’t exploit the NC solutions yet.
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5.2 Multi-Binary Classification

In this section, we introduce the multi-binary classification problem and pro-
pose the NC solution of the corresponding layer peeled model, followed by its
application in DNNs.

5.2.1 Problematic Description

Let s → S
I denote a binary label sequence of I binary classes, where S

I denotes
the space of binary sequences with length I . The i-th value, denoted by si, of
s represents the ith class of the data sample labeled by s. Taken I = 3 as an
example, SI = {000, 001, 010, 011, 100, 101, 110, 111} and s = 011 means that the
sample labeled as s belongs to the second or third classes due to s2 = s3 = 1. In
the sequel, for notational simplicity, we denote

S = S
I =


s(0), s(1), . . . , s(2

I↑1)

, (5.1)

as S
I has 2I elements. The superscript j in s(j) is determined by binary se-

quence s itself. For example, j = 1 if s = 001 and j = 6 if s = 110. We con-
sider the balanced distribution case, where there are K samples for each label
s → S

I1. As a result, there are K2I data samples in total. In addition, we denote
the linear classifiers for the ith binary class as wi,1 → Rd and wi,0 → Rd and the
hidden feature for the kth data sample labeled by sequence s as h(k)

s → Rd.

Following the canonical classification paradigm, we use cross entropy with reg-
ularized weights and features as our loss function. The resulting loss function
is given by

L(W,H) = ◁∝W∝
2 + ◁∝H∝

2

+
1

KI2I

K∑

k=1

I∑

i=1

∑

s→S

ln

1 + exp


φkis(W,H)


,

(5.2)

1This assumption is reasonable in a wireless communication scenario, because the transmit-
ted binary sequences are usually uniformly distributed binary sequences.
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where ◁ > 0 and φkis(W,H) is defined by

φkis(W,H) =

wi,1↑si

↔wi,si
,h(k)

s


. (5.3)

Here, ↖·, ·↙ denotes the vector inner product, 1 ↔ si, si → {0, 1}, and W and H

denote the collection of all classifiers and all features, namely,

W =

w1,0,w2,0, . . . ,wI,0,w1,1,w2,1, . . .wI,1


,

H =

h
(1)

s(0)
, . . . ,h(1)

s(2
I↔1)

, . . . ,h(K)

s(0)
, . . . ,h(K)

s(2
I↔1)


.

(5.4)

5.2.2 NC Solutions

It is known that a layer-peeled model [100, 107] ignores the impact of the back-
bone network and treats the features of the penultimate hidden layer H as free
variables, which is true when the DNN is over-parameterized due to the uni-
versal approximation property of DNNs. The layer peeled model of the multi-
binary classification problem can be expressed as the following optimization
problem,

min
W,H

L(W,H). (5.5)

To analyze the above problem, let vec(H) denote the column-wise vectorization
of H, namely,

vec(H) =


h
(1)T

s(0)
, . . . ,h(1)T

s(2
I↔1)

, . . . ,h(K)T

s(0)
, . . . ,h(K)T

s(2
I↔1)

T

, (5.6)

where h
(k)T

s(i)
= (h(k)

s(i)
)T . Let Id → Rd⇑d be an identity matrix, and A → RdI⇑dK2I

and C
i
→ Rd⇑d2i be defined by,

A =

B

I , . . . ,BI


︸ ︷︷ ︸
K times

, C
i = [Id, . . . , Id]︸ ︷︷ ︸

2i times

, (5.7)
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where B
I is recurrently generated as follows,

B
1 =


↔Id Id


, B

i+1 =


B

i
B

i

↔C
i

C
i


, (5.8)

for i = 1, 2, · · · , I ↔ 1. Based on these notations, an NC solution to problem
(5.5) is introduced as follows.
Definition 1. A point (W,H) is called an NC solution to problem (5.5) for the multi-

binary classification if it satisfies the following conditions:

• (NC1: hidden feature collapse). All features converge to the mean, i.e., h
(k)
s =

1
K

∑
K

j=1 h
(j)
s , ↗s, k.

• (NC2, classifier collapse). Classifiers of all parallel binary classification problems

form an orthogonal set, i.e., ↖wi,1,wj,1↙ = 0, ↗i ≃= j, and wi,1 +wi,0 = 0, ↗i. In

addition, ∝wi,1∝ = ∝wj,1∝, ↗i, j.

• (NC3: duality). The classifier and the hidden features are linearly aligned by

vec(H) = c0

A

T ,↔A
T

vec(W), (5.9)

for a scaling constant c0 > 0.

The following theorem reveals the relationship between the NC solution and
the global solution to problem (5.5).
Theorem 5.2.1. If 0 < ◁ < 1/(2I

⇓
2K2I), then any global minimizer of problem (5.5)

is an NC solution.

Proof. The proof of Theorem 5.2.1 is given in Appendix 5.6.

Remark 5.2.2. The proposed NC for multi-binary classification problem can also be

extended to a multi-label classification scenario, where each data sample has an ar-

bitrary number of class labels from I classes. This multi-label classification problem

is equivalent to the multi-binary classification problem with I parallel binary classi-

fication sub-tasks, where each binary classification represents whether the sample is

classified into the corresponding class or not.
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5.2.3 Deep supervised DNNs with NC Weights

Now we introduce O-layer neural networks with (O↔1) hidden layers. Specifi-
cally, let do be the number of hidden units of the o-th hidden layer for i → [O ↔ 1],
where [O] = {1, 2, · · · , O}. Let d0 and dO represent the number of input and out-
put units. Denote W = {W1,W2, · · · ,WO} with Wo → Rdo⇑do↔1 being the weight
matrix of the oth layer. For simplicity, we integrate both the weights and the
bias into W. Let D = {(xn,yn) : n → [N ]} be a given dataset, where xn → Rd0

and yn → RdO is the nth sample’s feature and label, and N is the number of
samples. The optimization model of DNNs can be built as follows,

min
W

L(Y, Y) (5.10)

s.t. Y = softmax(WO↼(WO↑1 · · · ↼(W2↼(W1X)))),

where L is a loss function, ↼(·) is an activation function, such as the ReLU used
in the sequel, X = [x1, · · · , xN ], and Y = [y1, · · · , y

N
]. For simplicity, let

H0 = X, Ho = ↼(WoHo↑1), o = 1, 2, . . . , O ↔ 1. (5.11)

Then Ho is the output of the neurons at the oth layer and is referred to as the
hidden features at this layer.

The motivation for considering the NC solution stems from observations in
many applications, such as the signal detection task illustrated in Figs. 5.3 and
5.4, where the penultimate hidden layer of a DNN exhibits classifier collapse
(i.e., NC2), as well as classifier and feature linear alignment (i.e., NC3), and
the NC-related studies introduced in the introduction section. To leverage this
structural behavior, we embed NC solutions as the weights at the penultimate
hidden layer of a DNN.

Direct embedding

The first embedding is employed directly on the original DNN at the Oth layer,
i.e., the output layer, see the red rectangle in Fig. 5.2, where WO in model (5.10)
will be fixed by using an NC weight defined in Definition 1. Specifically, we
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Figure 5.2: A deep supervised DNN

generate a set of orthogonal vectors {wi,0} and let wi,1 = ↔wi,0 for all i → [I] to
form an NC weight WNC . The weight is then fixed during the whole training
phase, as fixed NC classifiers do not harm classification performance [98]. To
do so, the constraint in model (5.10) becomes

Y = softmax(WNC↼(WO↑1 · · · ↼(W2↼(W1X)))). (5.12)

Auxiliary embedding under the DS framework

The second embedding is applied for an auxiliary layer. We introduce one
auxiliary layer with weight matrix WO↑1 collecting the (O ↔ 2)th neuron in the
original network. This idea is termed as DS in [103]. As shown in the blue
rectangle in Fig. 5.2, the (O ↔ 2)th neuron output in the original network is
connected to the auxiliary loss function by the weight matrix WO↑1. Again,
weight WO↑1 is fixed by another NC weight WNC defined similarly as above.
This indicates that we can add a regularization term in model (5.10),

CE

Y, softmax(HO↑2

WNC)

, (5.13)
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where CE(·) is a cross entropy loss. This together with (5.12), model (5.10) turns
to have the following form,

min
W̃

L(Y, Y) + µCE(Y,HO↑2
WNC) (5.14)

s.t. Y = softmax(WNC↼(WO↑1 · · · ↼(W2↼(W1X)))),

where W = {W1,W2, · · · ,WO↑1} and µ > 0. In the next section, we will ex-
plore the above model to develop an efficient algorithm for signal detection
problems.
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5.3 Neural Collapse inspired Deep Supervised Fed-
erated learning

In this section, we first introduce the framework of FL and develop the NCDSFL
algorithm based on it.

5.3.1 Federated Learning

A FL system consisting of one central server and J clients aims to learn a shared
model for all clients to minimize the total loss function without raw data ex-
change. Specifically, this learning process can be formulated as the following
optimization problem,

min
v,vi→F ,i→[J ]

∑

i→[J ]


L(vi;Di) +R(vi;Di)


,

s.t. v
i = v, i → [J ],

(5.15)

where v
i, v, F and D

i denote the trainable local parameters at client i, the
shared global parameters, the feasible region, and the dataset of client i, re-
spectively, L(·; ·) denotes the local loss function used to train the model locally
and depends on the local parameters and the local dataset, and R(·; ·) is a reg-
ularization term added to a local loss to guide training.

In a canonical centralized FL system, the learning process repeats the follow-
ing three key steps until the model parameters converge or some terminating
conditions are met:

• Local update: Each client updates its local model based on its local param-
eters and dataset by an optimization algorithm such as stochastic gradient
descent or Adam [53].

• Aggregation: After several local updates, all clients or a part of them send
their trained local model parameters to the server. The server aggregates the
models by averaging the received parameters.

• Broadcast: The server then broadcasts the aggregated global model to all
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clients.

5.3.2 DS DNNs with NC Weights in FL

Note that in FL, model aggregation occurs after several local updates. This
can lead to client drift and slow down the convergence, especially when local
datasets are heterogeneous. To facilitate more efficient aggregation, a natural
approach is to align hidden features across clients. According to the NC the-
ory [95], the hidden features (e.g., HO↑1 in the direct embedding and HO↑2

in the auxiliary embedding) and their classifiers (i.e., WNC and WNC) eventu-
ally collapse (i.e., satisfying NC1 and NC2) and become linearly aligned (i.e.,
satisfying NC3). At the same time, DS [103] provides direct guidance to inter-
mediate hidden features (e.g., HO↑2).

By integrating these two insights, we can guide and align hidden feature dis-
tributions across clients, thereby promoting consistency among local models.
To achieve this, we incorporate model (5.14) into the FL framework. Specifi-
cally, for J clients, we equip each client i with E DNNs with E ⇔ 1, which have
different learnable parameters. Therefore, there are EJ DNNs in total. The
dataset, Di, for client i is

D
i =


D

i,1,Di,2, · · · ,Di,E
}
, (5.16)

D
i,e =


(xi,e

1 ,yi,e

1 ), · · · , (xi,e

N
,yi,e

N
)
}
, e → [E], (5.17)

where D
i,e is the dataset for the eth DNN for client i. Let

Xi,e =

xi,e

1 , · · · , xi,e

N


, Yi,e =


yi,e

1 , · · · , yi,e

N


(5.18)

be the input and the label matrix for the eth DNN of client i. Then variables in
(5.15) for each i → [J ] are specified by,

v
i =


W i,1, W i,2, · · · , W i,E


, (5.19)

W i,e =


Wi,e

1 ,Wi,e

2 , · · · ,Wi,e

O↑1

}
, e → [E], (5.20)
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Algorithm 5 NCDSFL: Neural Collapse inspired Deep Supervised Fed-
erated Learning

1: Initiation: Initialize learnable parameters {v
i,0, i → [J ]} for all clients and

v
0 = (1/[J ])

∑
J

i=1 v
i,0. Generate two NC weights according to NC2 in Defi-

nition 1.
2: for epoch index k = 0, 1, . . . , K do
3: --Local learning--
4: for each client i → [J ] in parallel do
5: Updates its local model by v

i,0 = v
k.

6: for local update iteration u = 0, 1, . . . , U do
7: Update v

i,u+1 = G(vi,u;Di) locally.
8: end for
9: end for

10: --Global aggregation-- .
11: The server collects v

i,U from all clients i → [J ], updates the global model
by v

k+1 = (1/[J ])
∑

J

i=1 v
i,U , and broadcasts it to all clients.

12: end for

where W i,e collects all weights to be trained for the eth DNN of client i. Then
functions in (5.15) for each i are specified by,

L(vi;Di) =
∑

e→[E]

L


Yi,e, Y
i,e

, (5.21)

R(vi;Di) = µ
∑

e→[E]

CE


Yi,e,Hi,e

O↑2
WNC


, (5.22)

where Y
i,e

is given similar to that in (5.14), namely,

Y
i,e

= softmax

WNC↼(Wi,e

O↑1 · · · ↼(W
i,e

2 ↼(Wi,e

1 Xi,e)))

.

One can observe that for each client i, we use two fixed NC weights: WNC fixed
at the penultimate hidden layer for all E primal networks and WNC fixed at the
auxiliary layer for all E auxiliary networks. These two weights are irrelevant
to client i and can be calculated in advance according to NC2.

5.3.3 The NCDSFL Algorithm
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The overall NCDSFL algorithm is given in Algorithm 5, where G(.; .) in step
7 denotes a local update step based on some optimization criterion, such as
gradient descent. One advantageous property of the NCDSFL algorithm is the
exploration of two fixed NC weights, which helps guide and align the hid-
den feature distributions across clients. This promotes consistency among lo-
cal models and mitigates the effects of data heterogeneity. Another key benefit
lies in its reduced computational complexity and communication overhead. By
fixing the auxiliary classifiers and output layer weights, the algorithm requires
fewer variables to be updated and transmitted, making it more practical for
real-world deployment.

5.3.4 Application to Signal Detection

In this subsection, we use the NCDSFL algorithm to train the neural receiver,
which jointly estimates the channel and detects the signal based on the received
pilot-and-data OFDM symbols.

The signal detection task can be formulated as a multi-binary classification
problem by treating the prediction of each bit as a binary classification prob-
lem. The time-domain transmission model of the OFDM system can be formed
by

b(t) = h(t,ϱ) ⇑ a(t) + u(t), (5.23)

where b(t) → C and a(t) → C denote the received signal and the time-domain
transmit signal at time t, respectively, u(t) → C is the AWGN at the receiver side,
{h(t, ϱ) : ϱ = 0, 1, . . . , Q↔ 1} is the channel impulse response sequence with a
length of Q at time t, which is generated from the PDPs defined in the wireless
world initiative for new radio (WINNER II) channel model [108]. After remov-
ing the cyclic prefix signals, b(t) is passed through a discrete Fourier transform
(DFT) module, and we have the following corresponding frequency-domain
transmission expression of (5.23),

B(r) = A(r)H(r) + U(r), (5.24)

where B(r), A(r), H(r) and U(r) are the DFT of b(t), a(t), h(t, ϱ) and u(t), re-
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spectively.

We adopt the commonly used multi-path channel model [108] to characterize
the OFDM channels, namely,

h(t, ϱ) =
M↑1∑

m=0

√
PmAm(t) exp(↔jφm(t))⇀(ϱ ↔ ϱm), (5.25)

where Pm → R denotes the channel power gain over path m, Am → C charac-
terizes the attenuation fluctuation and the phase shift of path l, which depends
on the initial phase shift, the central frequency, the small scale fading, and the
shadowing of path m, ϱm denotes the propagation delay of path m. These pa-
rameters highly depend on the PDPs of users. Note that in this work, we focus
on the low-mobility case. We therefore ignore the time variance caused by the
user’s mobility in (5.25).

In wireless communication systems, the PDPs of different users depend on the
relative positions among users, base stations, and scatterers. Therefore, in cases
of low mobility, as illustrated in Fig. 5.1, each user can only observe the wireless
channels characterized by one PDP within a given time period, resulting in the
local observability problem. Users need to cooperate to learn a general model
that works for newly joined users while preserving data privacy. We thus adopt
the idea of FL to learn the general model, i.e., model (5.15), for all users in a
distributed manner.

Mathematically, each user (i.e., client) i trains E DNNs to predict bits at differ-
ent positions of the transmit bit stream and these E DNNs use the same training
dataset with the same inputs and different labels Di,e = {(xi

1,y
i,e

1 ), · · · , (xi

N
,yi,e

N
)},

where x
i

n
→ R2dix and y

i,e

n
→ R2di,ey are calculated by received signal bi(t) and
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transmit signal Ai(r) as follows,

x
i

n
=


Re(bi(ti

n
)), Im(bi(ti

n
)),

Re(bi(ti
n
+ 1)), Im(bi(ti

n
+ 1)), · · · , (5.26)

Re(bi(ti
n
+ di

x
↔ 1)), Im(bi(ti

n
+ di

x
↔ 1))

T

,

y
i,e

n
=


Re(Ai(ri,e

n
)), Im(Ai(ri,e

n
)),

Re(Ai(ri,e
n

+ 1)), Im(Ai(ri,e
n

+ 1)), · · · , (5.27)

Re(Ai(ri,e
n

+ di,e
y

↔ 1)), Im(Ai(ri,e
n

+ di,e
y

↔ 1))
T

,

where Re(b) and Im(b) represent the real and imagery part of b → C, and ri,e+1
n

=

ri,e
n

+ di,e
y

. The above formulation means that we use di
x

received signals {bi(t) :
t → ti

n
↔ 1 + [di

x
]} to generate the nth input xi

n
and di,e

y
transmit signals {Ai(r) :

r → ri,e
n
↔1+[di,e

y
]} to generate the nth label yi,e

n
of the eth DNNs. Denote the total

length of the label for user i by di
y
=

∑
e→[E] d

i,e

y
. After specifying local training

data D
i for each user i, we apply NCDSFL to solve model (5.15), yielding a

solution v
i

↗ ↓ v↗, i → [J ], where v
i

↗ represents all the weights of the E DNNs
for client i. These trained networks can then be used to detect newly emerged
signals based on the learned representations.
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5.4 Simulation Results

In this section, we conduct some experiments on joint channel estimation and
symbol detection to evaluate the performance of the proposed NCDSFL algo-
rithm. We adopt the B1 non-line-of-sight (NLoS) scenario from the WINNER
II model [108] as the channel generator. Specifically, the channel consists of 24
propagation paths. The carrier frequency is set to 2.6 GHz with a bandwidth of
20 MHz. We use typical urban channel conditions with a maximum delay of 16
sampling periods and a shadow fading standard deviation of 4 dB. The delay
spread follows a log-normal distribution with a mean of ↔7.12(log10[s]) and a
standard deviation of 0.12(log10[s]), where s represents ‘second’.

There are 10 users cooperating to train a general model so that newly joined
users can also use this model without retraining. Client users only have access
to their own data, and they can only observe a partial wireless environment.
Therefore, we use the same PDP to generate 500 channels for the same user
with randomly generated small scale channel parameters. These channel real-
izations are then fixed as a local dataset during the whole training process. The
transmit data bit streams are randomly generated for each local training itera-
tion, while the pilot bits are fixed in both training and testing phases. We test
the bit error rate (BER) performance of the trained model on a general testing
dataset generated from all PDPs with different receiving Signal-to-Noise-Ratios
(SNRs).

For each user i → [10], E = 4 fully connected DNNs are trained, and each DNN
consists of three hidden layers with 500, 250, and 128 neurons, using the ReLU
function as activation function ↼. The nth sample (xi

n
,yi

n
) is generated as (5.26)

and (5.27) with di
x
= 128 (including pilot signal) and di,e

y
= 16. In Algorithm 5,

Each local training epoch consists of 50 local iterations to update vi,u+1 = G(vi,u;Di)

using the RMSprop optimizer2. The regularization coefficient in (5.14) is set as
µ = 0.5.

We compare the proposed NCDSFL algorithm with two baselines: (1) the FedAvg-
2RMSprop is an unpublished adaptive learning rate algorithm proposed by Geoff Hinton

in Lecture 6e of his Coursera Class.
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based signal detector [40], denoted as FL, and (2) the independent learning-
based signal detector, denoted as IL. Both baselines use the same learning hy-
perparameters as NCDSFL. We also compare our method with the conven-
tional minimum mean squared error (MMSE) signal detection algorithm, which
uses MMSE-based channel estimates to recover the transmitted symbols.

5.4.1 Validation of Theorem 5.2.1

We first validate the NC phenomenon in the signal detection scenario. In this
experiment, we focus on the training process of a single client without the FL
manner. To validate Theorem 5.2.1, we track two quantities during the training
process,

ε(W0,W1) =


IWT

0 W0

∝WT

0 W0∝
↔ I

+


IWT

1 W1

∝WT

1 W1∝
↔ I

 ,

ϑ(W) =


vec(H)

∝vec(H)∝
↔


A

T ,↔A
T

vec(W)

∝ [AT ,↔AT ] vec(W)∝

 ,
(5.28)

where W0 = [w1,0, . . . ,wI,0] and W1 = [w1,1, . . . ,wI,1]. The results are shown
in Figs. 5.3 and 5.4.

Figure 5.3: ε(W0,W1) v.s. epochs
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The two figures show that both ε and ϑ decrease monotonically throughout
the training process. The decreasing trend of ε suggests that the orthogonal-
ity among classifiers in the parallel binary classification tasks strengthens as
training progresses. Similarly, the decline in ϑ indicates an increasing duality
between the hidden features and their corresponding classifiers. The behavior
of ε supports our approach of employing fixed orthogonal classifiers, while the
trend in ϑ implies that the hidden features gradually converge toward the sub-
space spanned by these orthogonal classifiers. The convergence underpins the
feature alignment achieved via deep supervision using NC weights. Together,
these confirm the presence of the NC phenomenon in the signal detection task.

Figure 5.4: ϑ(W) v.s. epochs

5.4.2 Performance Comparison with Baselines

Next, we compare the considered algorithms in our aforementioned FL learn-
ing scenario with a received signal SNR of 10dB. Fig. 5.5 shows the BER per-
formance on the validation dataset versus the number of training epochs. We
can observe that the IL algorithm has the slowest convergence speed and worst

126



performance, because each client only has partial observations of the wireless
environment and cannot learn a general model for a general validation dataset.
Our proposed NCDSFL algorithm and the FL algorithm have the same conver-
gent BER performance. However, our proposed NCDSFL algorithm converges
much faster than an FL algorithm. The NCDSFL algorithm converges at about
60 training epochs, while the FL algorithm converges at about 150 training
epochs. This is because the hidden features of different clients are guided to
a similar distribution defined by the NC weights as stated in Theorem 5.2.1,
which alleviates the impact of client drift effect and data discrepancy. There-
fore, the NCDSFL algorithm can save communication rounds.

Figure 5.5: Testing BER v.s. epochs (SNR=10dB)

In wireless systems, the large scale fading parameters, which highly depend on
the relative positions of transmitters, receivers, and scatters, mainly determine
the SNR of the received signal, even if the transmit power is adjustable. There-
fore, we simulate a more practical scenario, where different client users receive
signals with different SNRs. In this experiment, the SNRs are picked from
{0, 5, 10, 15, 20}dB, with each SNR value corresponding to two client users.
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Figure 5.6: Testing BER v.s. epochs

Fig. 5.6 draws the testing BER curves of the FL algorithm and the NCDSFL
algorithm under different SNR conditions during the training process. We can
observe from the figure that our proposed NCDSFL algorithm converges faster
than an FL algorithm. In addition, as the client heterogeneity increases, the
convergent BER of our proposed NCDSFL algorithm also outperforms the FL
algorithm. This validates the effectiveness of aligning clients by NC based DS
in FL. We summarize the testing performance of different algorithms versus
SNR in Fig. 5.7. We can observe that our proposed NCDSFL algorithm always
has equal or better testing performance than the FL algorithm. Moreover, the
testing performance gap between the FL algorithm and the NCDSFL algorithm
enlarges with the received signal SNR value. In addition, both the FL algorithm
and the NCDSFL algorithm outperform the conventional MMSE baseline. This
is because, due to a limited number of pilots, the MMSE algorithm cannot es-
timate the channels accurately and thus has a worse BER performance, while
both the FL algorithm and the NCDSFL algorithm can learn the implicit OFDM
channel structure from the received signals.
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Figure 5.7: Testing BER v.s. SNR

In the next experiment, we further investigate the impact of the LoS path. We
add a LoS path to each client’s channel and set different Rician factors for dif-
ferent users. The SNRs are set the same as in the last experiment, while the
Rician factors are picked from {↔5, 0, 5, 10, 15}dB, with each value correspond-
ing to two client users. Fig. 5.8 draws the validation BER curve of different
algorithms with different SNRs. We can observe that our proposed NCDSFL
algorithm still converges faster than the FL algorithm. Besides, the BER per-
formance of all algorithms is improved as the presence of LoS paths makes the
signal detection problem easier to solve. Fig. 5.9 draws the testing BER per-
formance of different algorithms with different SNRs. We can observe that the
testing performance of all algorithms is improved due to the presence of LoS
path, and the learning based methods outperform the MMSE baseline due to
their ability to learn the implicit information from the training data.

In the final experiment, we introduce 5 additional clients whose channels are
Rician channels with a Rician factor of 0dB. The SNR is set to 10dB. Fig. 5.10
draws the BER performance on WINNER II dataset and on Rician dataset of the
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Figure 5.8: Testing BER v.s. epochs

Figure 5.9: Testing BER v.s. SNR
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Figure 5.10: Testing BER v.s. epochs (SNR=10dB)

trained model during the training process. We can observe that our proposed
NCDSFL algorithm converges faster than the FL algorithm, due to the more
efficient aggregation of the NCDSFL algorithm. Moreover, the performance
of Rician channels is worse than the WINNER II channel. In Rician channels,
except for the LoS path, the NLoS components are irrelevant. Therefore, with a
limited number of pilots, it is more difficult to estimate the channels across all
subcarriers for Rician channels compared with WINNER II channels.
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5.5 Conclusion

Based on the NC phenomenon, A NCDSFL algorithm was proposed to aggre-
gate knowledge from client users while preserving data privacy, which em-
ployed the NC weights as auxiliary classifiers to locally supervise the inter-
mediate hidden features of the DNNs to mitigate the data heterogeneity. The
NC phenomenon of multi-binary classification problems was given and the-
oretically proved. The simulation results on signal detection under various
channel conditions show that the FL scheme addresses the local observabil-
ity issue and our proposed NCDSFL improves the aggregation efficiency and
thus has a faster convergence speed than the baseline algorithm. Beyond this
specific application, the NCDSFL algorithm holds potential for broader use in
other domains, such as computer vision, which warrants further investigation
in future research.
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5.6 Proof of Theorem 5.2.1

5.6.1 Useful Lemmas

Lemma 5.6.1. Matrix A is row-orthogonal and has an equal norm of
⇓
K2I for each

row.

Proof. Since C
i(Ci)T = 2iI, each matrix C

i, i = 1, 2, . . . , I is row-orthogonal
with equal norm row vectors. Now, we prove B

i for each i = 1, 2, . . . , I is row-
orthogonal by mathematical induction. When i = 1, B1(B1)T = 21I. Assume
that Bi satisfies B

i(Bi)T = 2iI for any i = 1, 2, . . . I ↔ 1. For i = I , it follows
from (5.8) that

B
I

B

I
T

=


2BI↑1


B

I↑1
T

0

0 2CI↑1

C

I↑1
T


,

=


2II 0

0 2II


= 2II.

(5.29)

Using this fact and (5.7), we have

AA
T = KB

I

B

I
T

= K2II, (5.30)

finishing the proof.

For simplicity, let IdI → RdI⇑dI and

h = vec(H),

w = [IdI ,↔IdI ]vec(W) (5.31)

=

(w1,0 ↔w1,1)

T , . . . , (wI,0 ↔wI,1)
T

T
.

Based on definitions of H, W, and w in (5.4) and (5.31), one can represent P as
a bilinear function of w and h as follows,

P =
K∑

k=1

I∑

i=1

∑

s→S

φkis(W,H) = w
T
Ah, (5.32)
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where A is defined in (5.7).
Lemma 5.6.2. For P defined in (5.32), it holds

P ⇔ ↔

⇓

K2I↑1(∝W∝
2 + ∝H∝

2). (5.33)

The equality holds iff the following conditions are met:

1) w = ↔cAh for some constant c > 0;

2) h is a linear combination of row vectors of A;

3) wi,0 +wi,1 = 0, ↗i;

4) ∝W∝ = ∝H∝.

Proof. Direct verification leads to

P = w
T
Ah

(a)

⇔ ↔ ∝w∝∝Ah∝

(b)

⇔ ↔

⇓

K2I∝w∝∝h∝
(c)
= ↔

⇓

K2I∝w∝∝H∝

(d)

⇔ ↔

⇓

2K2I∝W∝∝H∝

(e)

⇔ ↔

⇓

K2I↑1(∝W∝
2 + ∝H∝

2),

(5.34)

where (a) is because ∝ab∝ ⇔ ↔∝a∝∝b∝, and the equality in (a) holds iff a = ↔cb

for some constant c > 0, namely, condition 1) holds; (b) is due to ∝Ah∝ ↘

∝A∝2∝h∝ and ∝A∝2 =
⇓
K2I from Lemma 5.6.1, where ∝A∝2 is the spectral

norm of A, and the equality in (b) holds iff condition 2) is met. (c) is from the
definition of H in (5.4); (d) is from definitions of W and w in (5.4) and (5.31),
and the equality in (d) holds iff condition 3) is met. The equality in (e) holds iff
condition 4) is met.

Lemma 5.6.3. If φkis(W,H) = c1, ↗s → S, ↗i for a constant c1 ↘ 0, and the equality

conditions of Lemma 5.6.2 hold, then the NC conditions in Definition 1 hold.

Proof. h is a linear combination of row vectors of matrix A. Together with
definition (5.31) of h and definition (5.7) of A, we can obtain NC1, the hidden
features collapse to their corresponding feature means.
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Then we prove NC2. Based on condition 2) from Lemma 5.6.2, there is z such
that h = A

T
z, which by condition 1) from Lemma 5.6.2 results in

w = ↔cAh = ↔cAA
T
z = ↔cK2Iz. (5.35)

where the last equation is from (5.30). This suffices to

h = A
T
z = ↔

1

cK2I
A

T
w. (5.36)

By denoting △wi = wi,1↔wi,0, based on the definitions of A and w in (5.7) and
(5.31), the above condition yields

h
(k)
s

=
1

cK2I

I∑

i=1

(2si ↔ 1)△wi. (5.37)

Then the inner product condition becomes, for ↗s, i

c1 =φkis(W,H)

=

↔(2si ↔ 1)△wi,h

(k)
s



=↔
1

cK2I

〈
(2si ↔ 1)△wi,

∑

j

(2sj ↔ 1)△wj

〉
. (5.38)

Consider two binary sequences s and t, which are same except for the k-th
position, i.e., si = ti, ↗i ≃= k and sk + tk = 1. We have the following equalities
for ↗i,

↔
1

cK2I

〈
(2si ↔ 1)△wi,

I∑

j=1

(2sj ↔ 1)△wj

〉
= c1, (5.39)

↔
1

cK2I

〈
(2ti ↔ 1)△wi,

I∑

j=1

(2tj ↔ 1)△wj

〉
= c1. (5.40)

For ↗i ≃= k, subtracting the above two equations leads to

(2ti ↔ 1) ↖△wi, 2 (sk ↔ tk)△wk↙ = 0. (5.41)
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indicating that
↖△wi,△wk↙ = 0, ↗i ≃= k. (5.42)

Together with condition 3) of Lemma 5.6.2, we can conclude that {wi,0} and
{wi,1} are two sets of orthogonal vectors. Furthermore, by applying the or-
thogonality to (5.38), we have

↔
1

cK2I
(2si ↔ 1)2 ↖△wi,△wi↙ = c1, (5.43)

which implies that
∝△wi∝

2 = ↔cc1K2I . (5.44)

This completes the proof of NC2. Finally, NC3 is obtained by (5.36). This com-
pletes the proof.

5.6.2 Proof of Theorem 5.2.1

As function f(x) = ln(1 + exp(x)) is convex, we can apply Jensen’s inequality
to the following function,

l(W,H) =
1

KI2I

K∑

k=1

I∑

i=1

∑

s→S

ln

1 + exp


φkis(W,H)



⇔ ln

(
1 + exp

(
1

KI2I

K∑

k=1

I∑

i=1

∑

s→S

φkis(W,H)

))

= ln

(
1 + exp

(
P

KI2I


,

(5.45)

where the equality in ‘⇔’ holds iff φkis(W,H) = c1, ↗s → S, ↗i. Let ω = ∝W∝
2 +

∝H∝
2. From Lemma 5.6.2, it holds

P ⇔ ↔

⇓

K2I↑1ω. (5.46)
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Using the above facts, we have

L(W,H) = l(W,H) + ◁ω

⇔ ln

(
1 + exp

(
P

KI2I


+ ◁ω

⇔ ln (1 + exp (↔tω)) + ◁ω = L(ω),

(5.47)

where t = 1/(I
⇓
2K2I). It is clear that L(ω) is a convex function of ω and prob-

lem minϑ L(ω) has zero solution if ◁ ⇔ t/2. In other words, problem minϑ L(ω)

admits a non-trivial global minimizer if 0 < ◁ < t/2. Using the first-order opti-
mality condition, L↘(ωopt) = 0, one can find optimal solution ωopt by

ωopt =
1

t
ln

t↔ ◁

◁
. (5.48)

Then we have the following inequality,

L(H,W) ⇔ L(ωopt), (5.49)

which indicates that problem (5.5) also admits non-trivial global minimizers.
Recall the sufficient and necessary conditions for the global minimizers, i.e.,
φkis(W,H) = c1, ↗s → S, ↗i and conditions in Lemma 5.6.2. Based on Lemma
5.6.3, we obtain Theorem 5.2.1.

137



Chapter 6

Summary and Future Directions

138



6.1 Summary

This thesis has explored distributed training algorithms for native intelligent
wireless networks from four different perspectives.

In Chapter 2, we have proposed a DTE MADRL-based power control scheme
to allocate transmit power in HetNets. To promote cooperation among agents,
the PQL algorithm is proposed, which introduces a regularization term in the
local Q loss function to penalize the low-reward state-action pairs. In this way,
agents tend to learn the high-reward state-action pairs first and thus their pol-
icy updating speed slows down, which results in a more stable learning pro-
cess. This PQL algorithm is then employed to train the MADRL system, which
decides the transmit power for each AP simultaneously based on local obser-
vation. Simulation results show that with limited network layers and local
observation, our proposed scheme is able to reach over 90% performance of
the conventional WMMSE algorithm and outperforms a series of existing DTE
learning algorithms under various system settings.

To alleviate the local observability issue, we employ FL to train the MARL pow-
ered intelligent V2X systems, which leads to FRL frameworks. In Chapter 3,
we have proposed a novel policy optimization based FRL framework, namely
PASM algorithm, which incorporates the advanced optimization algorithm, in-
exact ADMM, and the second moment. The former enables agents to gradu-
ally improve their policies, while the latter enables an adaptive learning rate
to speed up and improve the training process. The convergence of the PASM
algorithm is theoretically established. The PASM is then implemented in the
considered V2X networks to train agents to distributively optimize the V2V
package delivery rate and the system weighted sum-throughput. Numerical
experiments have confirmed that the FL approach accelerates agent training
by knowledge sharing and that the proposed PASM algorithm has faster con-
vergence and around 20% weight sum rate gain in the intelligent V2X network
resource allocation scenario.

Moreover, FRL is improved via model alignment in Chapter 4. We exploit
the natural RI property of ReLU activated DNNs to rescale the DNNs at each
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clients before and after the aggregation step to align the client models. The
rescale operation can reduce the model variance and thus alleviate the client
drift effect without additional communication overhead. The proposed RIFRL
algorithm is then implemented to train the intelligent V2X networks. Simu-
lation results showed that the proposed RIFRL had 3 times faster convergence
speed and improved the testing performance by around 4%, compared with the
classical FedAvg based FRL baseline in the V2X resource allocation scenario.

Finally, we improve the FL algorithm by hidden feature alignment in Chapter 4.
We developed the NCDSFL algorithm by integrating the NC solutions with the
DS scheme within an FL framework. This approach not only enables the effec-
tive aggregation of local knowledge from clients but also mitigates the impact
of data heterogeneity, thereby accelerating convergence. Simulation results on
joint channel estimation and symbol detection in OFDM systems showed that
the NCDSFL algorithm had around 3 times faster convergence compared with
the FedAvg baseline and thus successfully cut communication rounds.
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6.2 Future Directions

Chapters 3 to 5 have introduced three different FL algorithms addressing FL
from complementary perspectives, i.e., optimization framework, model align-
ment, and feature alignment. Therefore, a natural research direction is to com-
bine these three methods together to obtain a cumulative gain. This combined
method can be used to address the FL problems targeting at training ReLU ac-
tivated DNN model with a specific NC form. The formulated training problem
has the following typical FL form:

min
x,xi→F

∑

i


L(g(Di;xi);Di) +R(g(Di;xi);Di)



s.t. x = xi, ↗i,

(6.1)

where L(., .) is the local loss function which depends on the output of the DNN
and the local dataset Di. F is the feasible region. g(D;x) denotes the ReLU-
activated DNN function with x being the trainable parameters and D being the
corresponding input dataset. R(., .) denotes the regularizer used to supervise
the intermediate features. The PASM framework will be used as the optimiza-
tion framework to solve problem (6.1), while the NC regularizer in Chapter 5
will be used as R in problem (6.1). Finally, the backward rescale invariant op-
eration (BRIO) will be applied to the ReLU activated DNN directly before and
after the aggregation step as in Chapter 4. This resulted FL algorithm can be
applied to many FL based classification problems in wireless networks, such as
the signal detection problem in Chapter 5.

Another promising research direction is training large language models (LLMs)
for wireless networks. LLMs such as ChatGPT have recently attracted intense
research attention because they exhibit near-human reasoning and language
abilities. Integrating LLMs into future wireless networks would allow base
stations and edge devices to interpret semantic-level information and deliver
highly personalized, context-aware services that elevate user quality of service.
FL can protect user privacy by keeping raw data local, but efficiently training
LLMs under FL constraints remains an open problem. It is prohibitively ex-
pensive to transmit full parameters of an LLM due to its huge number of pa-
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rameters. To address this issue, split learning (SL) is a promising solution [109].
Specifically, multiple clients split the model with a server segment and period-
ically federate the client segments. In this SL-based FL system, our previously
introduced BRIO (Chapter 4) and PASM (Chapter 3) can still be applied, i.e.,
BRIO to rescale ReLU-activated modules, and PASM as the optimization back-
bone. Upcoming work should therefore focus on FL algorithms that are LLM-
specific, featuring lower communication overhead and reduced on-device up-
date complexity and making FL training for LLMs practical for wireless edge
deployments.
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