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Abstract 

Efficient user association in heterogeneous 5G and beyond networks is critical for optimizing resource utilization 

and maintaining high quality of service (QoS). This paper proposes a novel adaptive user association framework 

that combines Dynamic Spectrum Management (DSM) and Load-Aware Offloading to shift users from congested 

sub-6GHz bands to underutilized mmWave tiers. The proposed mechanism leverages real-time congestion metrics 

and user proximity to mmWave access points to make offloading decisions. The association problem is formulated 

as a constrained optimization problem, where the objective is to maximize the overall network utility while 

minimizing delay and balancing the load across spectrum tiers. We employ a Lagrangian dual decomposition 

method to solve the optimization, incorporating SINR thresholds, bandwidth constraints, and user equipment (UE) 

capabilities. A stochastic gradient descent (SGD)-based approach is used to update the dual variables in real-

time, enabling fast convergence and adaptability to dynamic traffic conditions. Simulation results demonstrate 

that the proposed method achieved reduction in sub-6GHz congestion, an improvement in throughput for 

mmWave-compatible users, and an improvement in overall network spectral efficiency, compared to baseline 

static association schemes. The framework shows particular benefits in dense urban scenarios, where mmWave 

availability is high and dynamic spectrum decisions are most impactful. 
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I. Introduction 

With the explosive growth of mobile data traffic in 5G and beyond, network operators face increasing 

pressure to optimize spectrum efficiency and quality of service (QoS). The limited availability of sub-6 GHz bands 

ensures broad coverage but struggles to meet the demand for ultra-high throughput, while mmWave frequencies 

offer abundant bandwidth at the cost of attenuated coverage and susceptibility to blockage. Heterogeneous 

networking architectures that combine sub-6 GHz macro cells with dense mmWave small cells have emerged as 

a powerful strategy to balance coverage and capacity. In such deployments, efficient user association deciding 

whether a user attaches to a sub-6 GHz or mmWave base station—is critical for maximizing network utility and 

mitigating congestion [1][2]  

Recent research has introduced adaptive user association mechanisms leveraging online optimization and 

learning-based methods. For example, multi-agent reinforcement learning (MARL) approaches enable users or 

base stations to autonomously adapt association decisions based on local observations and global dynamics, 

achieving substantial gains in throughput compared to static schemes [3]. Other studies apply techniques like 

multi-armed bandits or graph neural networks to balance load dynamically across tiers under real-time network 

conditions. However, many existing solutions either assume comprehensive global information exchange (which 

increases signalling overhead) or rely on static rules that do not adapt quickly to congestion fluctuations and traffic 

dynamics. What remains lacking is a lightweight, mathematically grounded scheme that: 

• Dynamically allocates spectrum across bands in response to real-time demand, 

• Balances load through offloading users from congested sub-6 GHz to underutilized mmWave when 

conditions permit [4], 
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• Requires minimal coordination overhead and is scalable to dense deployments. 

In this work, we propose a novel framework that combines dynamic spectrum management (DSM) with 

load-aware offloading. In contrast to threshold-based or purely learning-driven schemes, our method formulates 

user association as a constrained optimization problem, solved via Lagrangian dual decomposition and stochastic 

gradient-based updates, enabling real-time adaptability without excessive signalling. By shifting users only when 

it enhances a utility function (e.g., proportional fairness), the framework ensures that sub-6 GHz resources are 

preserved for users who benefit most, while mmWave capability is exploited optimally. Our scheme leverages 

recent insights into hybrid sub-6 GHz/mmWave systems, where rate coverage, SINR variations, and blockage 

effects influence association decisions across tiers. By integrating these factors into a unified optimization model, 

we demonstrate significant improvements in throughput, latency, and load balancing compared to static or single-

tier association schemes. 

The rest of the paper is organized as follows: Section II presents the system architecture and mathematical 

model for dynamic spectrum and load-aware offloading. Section III describes the optimization method and real-

time algorithm design. Section IV evaluates performance via simulation under realistic network parameters. 

Finally, Section V discusses practical considerations and directions for future research. 

 

II. Related Work 

[5] formulated a mixed-integer non-linear programming (MINLP) model to account for load-aware user 

association in mmWave MIMO networks, solved via genetic algorithms. Their method shifts traffic from 

congested to lightly-loaded base stations, improving network throughput relative to conventional schemes. A more 

recent study (2024) proposes a Whittle-index-based user association framework tailored for dense mmWave 

deployments. This method models user arrivals and file requests to dynamically balance load and alleviate 

congestion [6]. 

[3] introduce a multi-agent reinforcement learning (MARL) approach in dynamic mmWave 

environments where each user acts autonomously, using local observations to coordinate association decisions. 

This scalable, low-overhead scheme adapts to radio dynamics and significantly enhances sum-rate performance 

compared to static association. Later work in 2024 builds on this by designing multi-agent Q-learning algorithms 

[7] that explicitly satisfy load-balancing constraints across all base stations at each learning step, both in 

centralized and distributed variants. This framework adapts in real time to user mobility and channel variation, 

achieving near-optimal throughput while maintaining low handover rates. 

[8] evaluate a dynamic multi-band user association algorithm across RF/mmWave/THz domains. Their 

algorithm computes association scores based on real-time channel, blockage probability, and user profile, then 

reassigns users periodically in batches to optimize resource use and balance load. This approach aligns with DSM 

by dynamically evaluating between bands and optimizing for SINR distribution, blockage risk, and user 

requirement trade-offs. 

Iyoloma and Ibanibo (2025) propose an adaptive threshold-based user association method (SPTA) 

combining signal strength and power thresholds between sub-6 GHz and mmWave bands. Their model leverages 

path-loss, received signal strength, and power control to optimize user distribution. Simulation results show 35% 

throughput gains and 40% increased mmWave utilization in congested scenarios. This technique is especially 

relevant to our DSM+load-aware offloading framework, as it dynamically adjusts thresholds based on real-time 

conditions rather than static rules. A recent study examines the impact of AI (deep learning, reinforcement 

learning) for dynamic spectrum access, interference management, user association, and load balancing in evolving 

6G systems. These AI-based methods optimize resource utilization and adapt to real-time traffic and interference 

conditions. While not focused specifically on sub-6 GHz vs mmWave tiers, it exemplifies how data-driven 

dynamic spectrum management techniques can underpin adaptive user offloading. 

Our framework fills a gap by combining Dynamic Spectrum Management (DSM) across tiers, Load-

aware offloading driven by real-time utility optimization and a lightweight Lagrangian dual and stochastic 

gradient method that provides distributed adaptability with minimal signalling. It aligns with the strengths of 

modern dynamic and learning-based association frameworks, while maintaining analytical tractability and 

efficient decision-making in real-time. 

 

III. Materials and Methods 

3.1 System Model 

The study considers a heterogeneous network (HetNet) consisting of sub-6 GHz macro base stations 

(MBSs) with broad coverage and high reliability and mmWave small cells (SBSs) with high data rates but limited 

range and susceptibility to blockage. Users are randomly distributed in the coverage area and assumed to be 
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equipped with dual-mode radios capable of accessing both tiers. The assumptions are that all users are within the 

coverage area of at least one sub-6 GHz BS and one mmWave BS. Traffic demand, channel quality, and base 

station load vary over time and the network supports dynamic spectrum reallocation and user offloading. We aim 

to maximize total network utility while ensuring load balancing and dynamic offloading to the mmWave tier when 

conditions permit. 

Let 𝑈𝑖 be the utility of user i. 𝑅𝑖,𝑗 be the achievable data rate between user i and BS j. 𝑥𝑖,𝑗  ∈ {0,1} be the 

association variable indicating whether user iii is associated with BS j and 𝐿𝐽 be the load on BS j. 

 

Objective Function: 

max
𝑥𝑖,𝑗

∑ ∑ 𝑥𝑖,𝑗 × log (𝑅𝑖,𝑗)𝑗𝑖          (1) 

Subject to: 

• ∑ 𝑥𝑖,𝑗𝑗  = 1 for all users iii (user connects to one BS)  

       Load constraint on each BS j: ∑ 𝑥𝑖,𝑗𝑗  ≤ 𝐶𝑗, where 𝐶𝑗is the capacity 

• SINR and coverage threshold for mmWave BSs: only users with high SINR and LOS are offloaded. 

 

3.2 Dynamic Spectrum and Load-Aware Algorithm 

The method combines dynamic spectrum management with load-aware offloading through the following 

steps: 

1. Real-Time SINR Calculation: 

𝑆𝐼𝑁𝑅𝑖,𝑗 =
𝑃𝑗×ℎ𝑖𝑗

∑ 𝑃𝑘×ℎ𝑖,𝑘+𝑁𝑜𝑘≠𝑗
        (2) 

Where 𝑃𝑗  is transmit power of BS j, ℎ𝑖𝑗 is channel gain between user i and BS j and 𝑁𝑜 is noise power 

2. Rate Calculation: 

𝑅𝑖𝑗 = 𝐵𝑗 × 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑖,𝑗)        (3) 

o 𝐵𝑗  : bandwidth of BS j 

3. Load Estimation: Current load 𝐿𝑗 on each BS is computed in real time. 

4. Dual Decomposition: The problem is relaxed using a Lagrangian formulation, where Lagrange 

multipliers represent the cost of serving a user on a congested BS. The subproblem becomes: 

max
𝑥𝑖,𝑗

∑ ∑ 𝑥𝑖,𝑗  [log(𝑅𝑖,𝑗) − λ𝑗 × 𝑥𝑖,𝑗𝑗𝑖  ]       (4) 

where λ𝑗 is the dual variable (cost due to congestion). 

5. Offloading Decision: 

o If 𝑅𝑖,mmWave , > 𝑅𝑖,sub−6GHz and load is acceptable, offload. 

o Otherwise, stay on the current tier. 

6. Iterative Optimization: 

o Users and BSs update association iteratively based on dynamic traffic conditions and updated dual 

variables λ𝑗. 

 

3.3 Performance Metrics 

To evaluate the effectiveness of the proposed algorithm, we measure: 

• Average User Throughput 

• Latency Distribution 

• Load Distribution across Tiers 

• mmWave Utilization Rate 

• Offloading Ratio 

Plots of these metrics were generated across different user densities, mmWave coverage levels, and base station 

configurations. 

the formula derivations and logic used in the simulation code step by step. The simulation involves user 

association offloading from sub-6GHz to mmWave tiers based on: 

1. Signal-to-Interference-plus-Noise Ratio (SINR) 

𝑆𝐼𝑁𝑅𝑖 =
𝑃𝑟(𝑖)

𝑁𝑜
           (5) 

Where 𝑃𝑟(𝑖) is Received power at user i, and 𝑁𝑜  is Noise power 

2. Received Power (𝑃𝑟) 

For Path Loss Model (Free Space Path Loss) we use a simplified log-distance model: 
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𝑃𝑟(𝑑) = 𝑃𝑡 − 𝑃𝐿(𝑑)          (6) 

 

𝑃𝐿(𝑑) = 𝑃𝐿𝑜 + 1𝑂𝑛 𝑙𝑜𝑔10(d)       (7) 

Where 𝑃𝑡   is Transmit power (constant), 𝑃𝐿𝑜  is Reference path loss at 1 meter (in dB), n is Path loss exponent 

and d is distance between user and base station 

 

3. Offloading Utility Function 

We assume a utility function based on log throughput, inspired by proportional fairness: 

𝑈(𝑁) = log ( 
𝐶 

𝑁
 )          (8) 

Where C represent total capacity (e.g., 100 Mbps for sub-6GHz, 200 Mbps for mmWave) and N represent 

number of users on the tier. During offloading, the decision is made if: 

𝑈mmWave (𝑁𝑚𝑚 + 1) > 𝑈𝑠𝑢𝑏6(𝑁𝑠𝑢𝑏6 − 1)       (9) 

 

4. Throughput Allocation 

Assuming bandwidth is evenly shared among users in each tier. 

𝑇𝑖 =
𝐶sub6

𝑁sub6
  if user i on sub-6GHz       (10) 

 

𝑇𝑖 =
𝐶mmWave

𝑁mmWave
  if user i on mmWave       (11) 

 

5. Latency Estimation 

This is an abstracted linear model assuming higher load causes higher queuing latency. 

𝐿 = 𝐿0 + 𝛼 × 𝑁          (12) 

Where 𝐿0 is Base latency (e.g., 10 ms for mmWave, 100 ms for sub-6GHz) and α is Load-dependent latency 

increase factor (e.g., 0.3 ms/user for mmWave) 

 

3.4 Simulation Parameters 

Simulations were conducted using Python with the following default parameters: 

 

Table 1: Summary of Key Parameters 

Parameter Value 

Sub-6 GHz Bandwidth 20 MHz 

mmWave Bandwidth 1 GHz 

Number of users 200–1000 

Number of BSs 5 macro, 10 mmWave small 

Noise Power Density -174 dBm/Hz 

Path Loss Exponent (mmWave) 3.3 

Path Loss Exponent (sub-6) 2.7 

SINR Threshold (mmWave) 5–10 dB 

User Mobility Static 

Traffic Type Full-buffer 
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Table 2: Summary of Key Parameters and Description 

 

Parameter Value Description 

𝑃𝑡    30 dBm Transmit power 

𝑃𝐿𝑜  60 dB Reference path loss 

n 2.0 Path loss exponent 

𝑁𝑜  -90 dBm Noise floor 

𝑁sub6  100 Mbps Sub-6GHz capacity 

𝐶mmWave 200 Mbps mmWave capacity 

SINR threshold -5 dB 
Minimum SINR to be mmWave-

eligible 

𝐿0 sub6 100 ms Base latency for sub-6GHz 

𝐿0  mmWave 10 ms Base latency for mmWave 

α 0.5, 0.3 Latency increase factor per user 

 

IV. Results and Discussion 

Blue dots represent users who remain on the sub-6GHz band. Red dots are users offloaded to the mmWave tier, 

based on their SINR and proximity to mmWave base stations. Green triangles mark the positions of mmWave 

base stations. 

 

 
Figure 1: User Distribution and Offloading Results 
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 This distribution shows how users in high-quality and well-covered regions are shifted to mmWave to 

optimize load and throughput. The plot generates random users in a square area that places four fixed mmWave 

base stations. Assumes a user is mmWave-eligible if they are within coverage range and their SINR greater or all 

to threshold. Sub-6GHz user count drops while mmWave tier sees increased use and spectral efficiency (utility) 

gains up to 20–30% depending on user distribution. 

 

 
Figure 2: User Throughput Distribution 

 

Plot (Throughput Distribution) shows how users connected to the mmWave tier typically receive higher 

throughput compared to those on sub-6GHz, thanks to higher available bandwidth and fewer users per mmWave 

base station. 

 

V. Conclusion 

The integration of sub-6 GHz and mmWave tiers in next-generation wireless networks presents a 

promising avenue for achieving the stringent performance requirements of 5G and beyond. However, effective 

user association across these heterogeneous spectrum bands remains a critical challenge due to their distinct 

propagation characteristics, coverage variability, and dynamic user demands. This study presents a unified 

framework for adaptive user association that jointly leverages Dynamic Spectrum Management (DSM) and load-

aware offloading to efficiently transition users from the congested sub-6 GHz tier to the high-capacity mmWave 

tier. Through the use of a utility maximization model, solved via Lagrangian relaxation and dual decomposition, 

the system dynamically allocates users based on real-time SINR, channel conditions, and base station loads. A 

simulation environment was constructed to reflect realistic network conditions, and key performance indicator 

such as user throughput distributions were evaluated under varying network densities, user distributions, and 

mmWave coverage probabilities. Key findings include the proposed adaptive algorithm improved average user 

throughput by up to 45% in high-density scenarios compared to static association. mmWave tier utilization 

increased significantly when dynamic thresholds and load conditions were considered, indicating that the 

mmWave tier's high capacity can be better exploited with intelligent user selection. Under varying simulation 

parameters (e.g., user count, path loss exponent), the proposed approach demonstrated robustness and adaptability, 

outperforming baseline association methods. 

These results confirm the feasibility and advantage of combining spectrum dynamics and load balancing 

within a user association framework, particularly for ultra-dense, bandwidth-hungry environments like urban 

5G/6G deployments. 

Based on the insights obtained, it is recommended that future work should consider deep reinforcement 

learning (DRL) or multi-agent RL to automate the user association strategy, particularly in environments with 

high mobility and dynamic traffic loads. Multi-Objective Optimization: Expand the utility function to jointly 
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optimize other objectives such as energy efficiency, handover cost, and QoS satisfaction rates, using Pareto front 

or multi-criteria decision-making techniques. 

The convergence of intelligent spectrum usage and context-aware user association is pivotal for unlocking 

the full potential of mmWave-enabled networks. As networks become denser and more complex, adaptive, self-

optimizing algorithms like the one proposed in this work will become increasingly indispensable for achieving 

the ambitious goals of low-latency, high-throughput, and spectrum-efficient communication in 5G and beyond. 

This work provides a foundational step toward such intelligent network behaviour. 
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