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Abstract
This paper presents a mathematical model of traffic distribution in multi-link devices, which formalizes 
the data transmission control process as a controlled queuing system. The proposed approach solves the 
problem of the lack of a unified basis for describing access policies, transforming the task from testing 
disparate heuristics into a rigorous mathematical formalization. The planning process is reduced to a one-
to-one mapping of the system state to a vector of control actions. The introduction of a link compatibility 
matrix and constraint equations allows physically invalid transmission configurations to be eliminated at  
the algorithmic level. This approach establishes an analytical relationship between control parameters and 
expected metrics,  enabling the estimation of throughput, delays, and the probability of violating time  
constraints prior to actual transmission. The developed framework provides a theoretical basis for the 
quantitative comparison of various distribution mechanisms and creates an environment for the design of  
adaptive access control algorithms.
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1. Introduction

The introduction of the IEEE 802.11be standard [1] is driven by the increase in traffic volume and the 
need to support services that require not only high speed [2], but also low latency [3].

Among the innovations of the new standard is the introduction of the Multi-Link Operation 
(MLO) concept, which allows devices to aggregate multiple interfaces across different links [4]. 
Although this provides an expansion of the frequency resource, the overall network performance 
still depends on mechanisms for accessing the medium and distributing traffic among available radio 
interfaces [5]. 

Currently, various traffic distribution policies have already been implemented by both wireless 
equipment manufacturers and research projects that use their own priorities [6]. Accordingly, the 
use of certain mechanisms for balancing and distributing traffic among links can yield radically 
different results [7]. For example, it has been proven that under asymmetric channel utilization, an 
inefficient distribution policy in an MLO can lead to delays that significantly exceed those in single-
link mode [8].

In this regard, a scientific and practical problem arises, which consists in the justified selection 
and adaptation of a traffic distribution policy among links for given network operating conditions. 

Since the use of different policies under identical conditions yields varying transmission quality 
metrics, there is an objective need to develop a model that will allow for the quantitative assessment 
of the effectiveness of a given policy under specified MLO conditions and constraints.
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2. Related works

Among studies of traffic distribution methods in IEEE 802.11be networks, the use of machine learning 
adaptive algorithms [9] and deterministic heuristics can be highlighted. To increase throughput, 
reinforcement learning-based multi-agent algorithms are proposed. In particular, a parallel transfer 
learning algorithm [8] and a recurrent algorithm for dynamic traffic distribution [9] are applied.

An alternative approach involves using a mechanism to bind traffic identifiers to links [4]. Both 
fixed schemes, where a specific type of  traffic is  isolated on a  specific interface,  and dynamic 
balancing strategies  for  links  with  the  lowest  load [5]  are  being investigated.  In  experimental 
evaluations of MLO [10], fully independent access on each link (I-EDCA) or the heuristic of sending 
a  packet  to  the  first  available  link  is  often  used  [11].  On  the  other  hand,  in  open-source 
implementations of wireless stacks (e.g., the Linux kernel network [12]) deterministic packet-level 
flow splitting based on a cyclic principle is used.

Therefore, given the large number of proposed traffic distribution algorithms in MLO, there is a 
need to develop a unified model that will allow describing any policy in standardized terms of its  
input data, decision-making rules, and resulting metrics.

The aim of this article is to construct a unified mathematical model of traffic distribution in a  
multi-link device (MLD), which formalizes the process of data transmission control at the Upper 
MAC (U-MAC) level  as  a  decision-making problem in  a  queuing system to  create  a  basis  for  
comparing different control policies. 

3. Methodology

In  the  context  of  this  work,  multi-link  device  (MLD) is  considered  as  a  queuing system with  
controlled packet distribution among several links operating in a stochastic environment.

Control of this distribution is carried out at the U-MAC level as the sole decision-making point, 
while each link has its own access procedures and its own process for accessing the medium to 
obtain transmission opportunities.

Let us fix the time stamp t  as the start of the scheduling cycle, during which the U-MAC [13] 
(Figure 1) has the current state of the links and queues and generates a control action for the next  
interval.

Figure 1: Multi-link device (MLD).

Let MLD operate in a frequency domain represented by a set of active links L=1,2 ,…,N  that 
have successfully completed the connection establishment procedure and are ready to transmit  
data [1]. This allows us to exclude unavailable or unconfigured interfaces from the decision space. 



The  incoming  data  stream  is  described  by  a  set  of  streams  with  transmission  queues 
F=f 1 , f 2 ,…, K . Each of these f k∈ F  is characterized by a sequence of requirements (1):

ψ k = {Pk , Dk
max , τ k }, (1)

where Pk is the flow priority, according to the EDCA traffic classification: VO, VI, BE, BK; Dk
max is 

the  maximum  permissible  delay; τ k is  the  traffic  type,  e.g.,τ k∈ {RTA ,Elastic } [14],  which 

determines the need to comply with Dk
max.

Let us denote the system state vector as S (t ). At any given moment t , it is defined as a combination 
of the transmission medium state and the transmission queue state (2):

S ( t )= ⟨ X links( t ) ,Qtraffic( t ) ⟩ . (2) 

Note that in this case, S ( t ) is considered observable at the beginning of each cycle t , i. e., link 
metrics are obtained from PHY/MAC measurement data and transmission statistics, while the state 
of the queues is directly accessible to U-MAC. 

The state of each link l∈ L is described by a column vector of normalized metrics xl( t )∈ ℝ4×1 

(3). These metrics are obtained directly from measurements at the physical and MAC levels [15], 
which ensures end-to-end modeling and a connection to the actual channel physics:

xl(t )=[ μl
occ(t )
μl

int(t )
μl

qual(t )
δ l

restr (t )
],

(3) 

where μl
occ( t ) is  a  resource  availability  metric  (indicates  channel  occupancy);  μl

int(t ) is  a 

robustness metric; μl
qual( t ) is a signal quality metric (SNR/MCS);  δ l

restr ( t ) is a binary constraint 

indicator (e.g., due to an NSTR conflict).
This means that the overall status of all channels can be represented as a matrix 4×N  (4):

X links( t )= [ x1( t ) , x2( t ) ,…, xN ( t )]. (4) 

Additionally, to make an effective decision, the system must consider the state of the queues,  
which is determined based on the traffic state vector for a set of flows F  (5):

Qtraffic( t )= [q1( t ) ,… ,qK ( t )]T , (5) 

where the state of an individual flow qk ( t ) is determined by the pair:  Lk (t ) is the current queue 

length of the flow k  and T k
rem (t ) is the remaining time until the delay requirements are violated.

This  state  subspace  effectively  reflects  the  balance  between  quality  of  service  and  delivery 
urgency. The parameter Lk ( t ) characterizes the amount of data in the transmission queue, and the 

parameter T k
rem (t ) characterizes the time pressure, where the smaller the value of T rem, the narrower 

the permissible waiting space in the queue and the higher the risk of deadline violation. In this case, 

the parameter T k
rem( t ) is determined depending on the traffic type τ k (6):

T k
rem( t )={Dk

max -( t - t k
arrival ) , if τ k = RTA

∞ , if τ k = Elastic
.

(6)



To configure transmission, the U-MAC scheduler must make a decision based on data regarding 
the traffic distribution scheme across interfaces [16], the amount of data to be transmitted, and the 
TXOP duration: 

1) To determine the distribution scheme, let’s introduce a binary assignment matrix X ( t ) [17] of 

dimension  K×N  (where  K=|F| is the number of active flows, N=|L| is the number of active 
links (7):

X ( t )=(
x1,1 x1,2 ⋯ x1 , N

x2,1 x2,2 ⋯ x2 , N

⋮ ⋮ ⋱ ⋮
xK ,1 xK ,2 ⋯ xK ,N

), xk , l∈ {0,1}.

(7)

Here,  the  element  xk , l=1 indicates  that  packets  from  the  k  stream  are  included  in  the 

transmission plan for the l link in the current cycle. The value xk , l=0 means that the stream is not 
served by this link [18]. The row k  indicates which links are involved in serving the k-th stream. 

The ratio ∑l=1

N
xk , l>1 means that when links are aggregated, traffic is distributed among them 

in parallel.  The column l indicates that streams are served on the  l-th link during the current 
TXOP. 

2) To determine the amount of data to be transmitted, we introduce the load distribution matrix

B (t )∈ R≥0
K ×N whose elements bk , l determine the amount of information scheduled to be transmitted 

from the queue of the k-th flow over the l-th link (8):

B ( t )=(
b1,1 b1,2 ⋯ b1 , N

b2,1 b2,2 ⋯ b2 , N

⋮ ⋮ ⋱ ⋮
bK ,1 bK ,2 ⋯ bK ,N

),

(8)

where the sum of the row ∑
l

bk , l determines how much the queue Lk ( t ) will decrease after the 

transmission cycle is complete.

The sum of the column Bl
agg=∑

k

bk , l determines the payload size in the physical layer frame on 

the l link. The relationship between the matrices X  and B can be represented as bk , l>0⇒ xk , l=1, 

i.e., if the flow is not assigned to a link (xk , l=0), then the amount of transmitted data is identically 

zero (bk , l=0).
3) To calculate the reserved TXOP time, let’s introduce the time vector (9):

τ ( t )= [ τ1 , τ 2 ,…, τ N ]T , (9)

where τ l is the transmission duration on the l-th link in microseconds. 
Thus, the scheduler’s decision at time t  can be represented as a set of matrices and vectors (10), 

which allows any allocation policy to be interpreted as an algorithm for filling these matrices

A ( t )= ⟨ X ( t ) , B ( t ) , τ ( t ) ⟩ . (10)



In order for this plan to be physically realizable without violating the standard, it must lie within 
the set of feasible solutions S feasible. The constraints on the solution space are determined by the MLD 
architecture and the MLO mode:

1) The key limiting factor in multi-link systems is internal interference. Information about such 

hardware limitations, which is encoded in the state vector described above via the indicator δ l
restr, is 

aggregated at the system level into the link compatibility matrix  C∈ 0,1N×N .  The matrix  C  is 

symmetric (ci , j=c j , i) and is determined during the connection establishment phase. The element 

ci , j determines the possibility of simultaneous independent operation of the link pair i and j:
- ci , j=1 for a simultaneous transmit and receive (STR) pair;
- transmission on i does not interfere with reception on j;
- ci , j=0 for a non-simultaneous transmit and receive (NSTR) pair;
- simultaneous bidirectional activity is prohibited.
Accordingly,  for  any  pair  of  active  links  i , j involved  in  transmission  (x⋅ , i⋅ x⋅ , j=1)  and 

constituting an NSTR pair (ci , j=0 ), the equality of transmit opportunity (TXOP) duration (11) must 
hold so that the transmission phase and acknowledgment wait phase on both links coincide in time.

∀ i , j∈L :(x . , i⋅x . , j=1)∧(ci , j=0)→τ i=τ j. (11)

2) The physical feasibility of the solution requires that the scheduled time τ l [19] be sufficient for 

transmitting the planned data volume. For this, the minimum required time t l
req for transmitting the 

payload on the link l is calculated as (12):

t l
req=

∑
k =1

K

bk , l

Rl( μl
qual )

+T phy _ overhead

,

(12)

where Rl is the physical transmission rate, determined based on the signal-to-interference-plus-

coding ratio (SINR/MCS) from the state vector xl, and T phy _ overhead is the standard time overhead for 

the preamble and headers. In the case of NSTR synchronization, the total TXOP duration τ sync is 
determined by the slowest link (13):

τ sync = max
{l|active NSTR }

( t l
req ). (13)

This results in overhead costs for synchronization. For each link l in the NSTR group, the amount 

of overhead Δτ l is (14):

Δ τ l= τ sync - t l
req≥0. (14)

3) If a subset of links LEMLSR⊂ L operates in enhanced multi-link single-radio (EMLSR) mode, 
then at any given moment, transmission is possible only over one of them due to the presence of 
only one interface. This is formalized as the mutual exclusion constraint (15):

∑
l∈ LEMLSR

I(∑
k =1

K

xk , l>0)≤1.
(15)

4)  The  IEEE 802.11  standard  imposes  constraints  on  the  complexity  of  aggregating  frames; 
specifically, there is a limit on the number of different traffic identifiers (TIDs) that can be combined 



into a single A-MPDU (typically N TID
max =8). This imposes restrictions on the columns of the mapping 

matrix X  (16): 

∀ l∈ L :∑
k =1

K

xk , l≤N TID
max.

(16)

Given a formalized state vector S ( t ) and valid boundaries S feasible, the traffic control problem in 
MLD can be reduced to a rule that maps each situation to a specific control action [20]. Here, the 
traffic distribution policy π  is defined as a function that transforms information about the current 
system state and a set of internal settings into a control vector (17):

π :S×Ω→S feasible, (17)

where Ω is the policy configuration parameter space.
For further comparison, we will present the distribution policy directly as a universal structure  

consisting of the following components:
- input data that form the state vector reflecting the dynamics of the environment and traffic 

requirements S ( t )= ⟨ X links( t ) ,Qtraffic( t ) ⟩ ;
- policy parameters (Θ∈ Ω) as a set of settings or weighting coefficients that determine the 

algorithm’s behavior;
- a decision-making rule [21] as an algorithmic core that transforms the system state and policy 

parameters into a control action [22].
The structure of the allocation policy can then be described as (18):

A ( t )= π (S ( t );Θ ). (18)

This allows us to formulate the network tuning problem as the search for a vector Θ that provides 
the best performance metrics for a fixed rule structure π . 

Since  MLD operates  under  conditions  of  uncertainty,  and some algorithms involve  random 
selection of actions, it is appropriate to extend the definition of a policy as a conditional probability 
distribution over the space of feasible solutions (19):

π ( A |S ;Θ )=P( A ( t )= A ∣ S ( t )=S ). (19)

In  this  case,  a  specific  decision  A ( t ) in  each  cycle  is  selected  by  sampling  from  this 
distribution (20):

A ( t )∼ π (⋅ |S ( t );Θ ). (20)

The  key  task  of  the  model  is  to  predict  the  consequences  of  the  control  decision 
A ( t )= ⟨ X ,B , τ ⟩  on the system state.

Since the wireless channel is a stochastic environment, exact metric values cannot be guaranteed; 
however, their estimates and risks can be derived based on the state vector S (t ).

To ensure the accuracy of the calculations, we introduce the concept of the current planning cycle 
duration T cycle.

Since transmission occurs in parallel across different links and completes at different times (or is 
synchronized under NSTR),  the cycle duration is  determined by the maximum duration of  the 
reserved TXOP among all active links (21):

T cycle=max
l∈ L

( τ l )+T ack, (21)



where T ack is the time to receive an acknowledgment.
The nominal physical layer rate may differ from the actual throughput due to transmission errors. 

Let pl( μl
qual ) be the probability of an error during reception on the link l, which is a function of the 

signal quality metric. Then the mathematical expectation of the volume of successfully transmitted 
data for the flow k  on the link l is (22):

E [Dat ak , l ]=bk , l⋅(1- pl( μl
qual )). (22)

And the total expected throughput for the stream k  in the current cycle is defined as (23):

T H k ( A , S )=
1

T cycle
∑
l∈ L

xk , l⋅bk , l⋅(1- pl( μl
qual )).

(23)

4. Results

To illustrate this estimate, we will use a system with two links: R1=5 MB/s (L1) and R2 =0.5 MB/s 

(L2). The estimate is performed for four load matrix formation strategies  B with queue sizes  Lk 
ranging from 1 to 20 KB.

The first strategy [5] directs the entire queue size exclusively to the first link (b1 = Lk , b2 =0).

The second strategy directs traffic only to the second link (b1 =0 , b2 = Lk).
The third strategy (stochastic distribution) simulates unpredictable behavior by sending data in a 

random proportion b1 = Lk⋅ p and b2 = Lk⋅(1- p ), where p is a pseudorandom variable in the range 
from 0.1 to 0.9.

The fourth strategy (proportional  distribution)  divides the data strictly in proportion to the 

physical interface speeds (b1 = Lk⋅
R1

R1 +R2

, b2 = Lk⋅
R2

R1 +R2

), ensuring simultaneous completion of 

transmission τ1 = τ 2. The corresponding throughput estimation graph is presented for the STR mode 
at Figure 2 and for NSTR at 3. 

Figure 2: Throughput estimation for STR.



Figure 3: Throughput estimation for NSTR.

To further calculate the probability of deadline violations, it is necessary to estimate the expected 
packet service delay, which consists of queueing time, access time, and transmission time. 

Access time (T acc) is a random variable that depends on competition for the medium [23]. Using 

the availability metric μl
occ, the average access waiting time for the link l will be (24):

E [T acc , l ]≈
CW min

2
⋅σ ⋅ 1

μl
occ ,

(24)

where  σ  is the slot duration. This expression is an approximate estimate for random-access 
systems; the factor models the increase in retransmissions and collisions under high load.

The queue length at the start of the next cycle Lk ( t +1) is predicted based on the balance between 

the arrival of new data (at a rate of λk ) and successful transmission. It is important to note that data 

that was transmitted with an error (pl) remains in the queue for retransmission (25):

Lk ( t +1)=max(0 , Lk ( t )-∑
l∈ L

bk , l⋅(1- pl( μl
qual )))+ λk⋅T cycle.

(25)

The average delay is determined according to Little’s law [18], where the expected delay for a 
flow k  is inversely proportional to the effective service rate [20] (26):

D
‾

k ( A , S )≈
Lk ( t )

T H k ( A , S )
+ min

l : xk , l=1
(E [T acc , l ]).

(26)

The results of calculations based on the derived expression are presented in graphs for the STR 
mode at Figure 4 and the NSTR mode at Figure 5. which demonstrate the total packet dwell time in 
the previously described system.

The evaluation was performed for the four load matrix formation strategies described above B 
with additional consideration of the average waiting time for access to the medium.



Figure 4: Average delay for STR.

Figure 5: Average delay for NSTR.

The risk of missing a deadline arises if the service rate is insufficient to transmit the available data 
volume  within  the  allotted  time.  We  approximate  the  service  time  distribution  using  an 
exponential distribution [23]. Then, the probability of failure is estimated as a function of the ratio 
of available time to required time (27):

P fail , k ( A )≈ exp(-
T k

rem

E [T drain ])=exp(-
T k

rem⋅T H k ( A , S )
Lk ( t ) ) (27)

where: T k
rem is the remaining time until the deadline (available time resource); Lk ( t ) is the current 

queue size (in bits); T H k ( A , S ) is the expected throughput (in bits/s), defined above.
Visualizations of the obtained values of the probability of violating time constraints are presented 

in graphs for the STR modes at Figure 6 and the NSTR mode at Figure 7.



Figure 6: Probability of missing the deadline for STR.

Figure 7: Probability of missing the deadline for NSTR.

This expression demonstrates how reliability depends on the decision made: an increase in the 
allocated  resource  (growth  of  T H k)  leads  to  a  faster  decrease  in  the  exponent,  reducing  the 

probability  of  failure  (P fail→0),  while  an  increase  in  the  queue  (growth  of  Lk)  reduces  the 

denominator in the fraction, bringing the probability of failure closer to one (P fail→1).

5. Discussion

The  implementation  of  MLO  technology  allows  devices  to  use  multiple  radio  interfaces 
simultaneously;  however,  due  to  the  physical  limitations  of  devices  using  this  technology, 
performance critically depends on traffic allocation policies.



Currently, most of these policies are based on disparate deterministic heuristics, which, under 
conditions  of  asymmetric  link  load,  can  lead  to  different  results  depending  on  the  state  and 
mechanisms of access to the network.

Therefore,  there is  an objective problem of the lack of a unified method for describing and 
comparing traffic distribution policies.

This article examines an approach to solving the problem of traffic distribution in a multi-link 
network, where the decision-making process is reduced to determining a control action based on the 
current state of the system. This makes it possible to describe the distribution policy as an algorithm 
with specified parameters and an output.

The proposed approach can be applied in practice to mechanisms for adaptive traffic distribution 
planning  across  links,  automatic  network  configuration,  or  as  a  testing  environment  for 
algorithms [24, 25] without the need to use actual hardware.

The essence of the proposed methodology lies in calculating the probability of frame delivery 
delay using statistical modeling [26], which allows for a quantitative assessment [27] of the reliability 
of any traffic distribution policy. This metric is derived based on the expected transmission rate,  
which is  obtained by combining link parameters and the current state of  queues into a single  
system [28].

To ensure  the  methodology aligns  with  the  actual  capabilities  of  the  equipment,  we  use  a 
compatibility matrix for filtering [29] that restricts impossible configurations in accordance with the 
IEEE 802.11 be standard.

That  is,  this  methodology,  in  the  form of  a  system of  equations,  allows us  to  numerically  
determine whether the selected distribution policy is physically capable of ensuring frame delivery 
by the deadline including the risk management [30].

6. Conclusion

The simulation results show that the effectiveness of traffic distribution policies is determined not 
by the number of links, but by the alignment between the load, the links’ characteristics, and the  
state of the environment.

The application of our methodology demonstrates this mechanism. By integrating the physical 
parameters of the links (in this case, their asymmetry) into the delay formulas, we found that adding 
an additional, but slower, link creates a “bottleneck” effect.

Instead of  the expected increase in throughput,  the total  queue length increases due to the 
relatively slow link, causing the overall MLO performance to drop to the level that would be achieved 
by transmitting only through the single fastest channel.

An evaluation of the results comparing the four strategies revealed clear quantitative differences 
in their effectiveness. As the volume of data in the queue increases, stochastic distribution leads to a 
sharp exponential jump in delays, bringing the probability of missing the time deadline close to a  
critical 80–90%.

In contrast, the use of proportional distribution, which ties the volume of directed traffic to the 
speed of an individual link, mitigates this risk and keeps the failure rate at 30% in both STR and NSTR 
modes.

The proposed methodology allows for an informed choice of traffic distribution policies by pre-
assessing their consequences. The method’s ability to calculate the probability of failure based on an 
exponential  service  time  distribution  provides  users  with  numerical  thresholds  for  switching 
distribution policies.

In other words, implementing this method can enable the testing and configuration of U-MAC-
level schedulers for MLO devices.
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