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Dynamic Control for IAB Systems with Mixture of
Latency- and Throughput-Sensitive Traffic

Natalia Yarkina, Dmitri Moltchanov, Yevgeni Koucheryavy

Abstract—The Integrated Access and Backhaul (IAB) archi-
tecture proposed by 3GPP is expected to provide a cost-efficient
deployment option for 5G New Radio (NR) systems and should
support all the services defined in 5G. However, IAB relies
on multi-hop wireless communications, which makes the packet
latency a critical metric for such systems. Latency optimization
in IAB is further complicated by the half-duplex constraint
forbidding IAB nodes from transmitting and receiving simulta-
neously over multiple antennas. As a result, active links must be
dynamically scheduled to avoid conflicts and satisfy requirements
of all supported traffic types in both uplink and downlink
directions. In this paper, by utilizing the tools of Markov decision
processes (MDP), we develop a reduced-complexity control policy
for 5G self-backhauled systems simultaneously carrying latency-
and throughput-sensitive traffic. The proposed policy minimizes
the latency metric under low and moderate traffic conditions
operating in ultra-low-complexity mode and switches to a more
computationally demanding throughput-oriented regime when
the offered load increases. Our results show that the core part
of the policy – the proposed ultra-low-complexity Tree level
switching control (TLS) – minimizes the latency for high-priority
latency-sensitive traffic over the whole capacity region of the
system but also for dominant throughput-oriented traffic over
75–85% of the capacity region.

Index Terms—5G, IAB, half-duplex, Markov decision process,
latency.

I. INTRODUCTION

5G New Radio (NR) operating in microwave (µWave)
and millimeter-wave (mmWave) bands is nowadays ready

for commercial deployment. However, network operators still
restrain from deploying mmWave NR systems. One of the
reasons is the nature of mmWave links affected by blockages
caused by both static and dynamic objects in the channel
[1], [2]. These impairments result in small coverage areas of
single mmWave NR base stations (BS) limited to just a few
hundred meters [3]. A ubiquitous coverage at these frequencies
thus requires very dense deployments drastically increasing
operators’ capital expenditures (CAPEX) [4].

To address the above challenge, 3GPP has standardized
the Integrated Access and Backhaul (IAB) technology [5],
[6, Clause 4.7], which employs low-cost relay nodes, called
IAB-nodes, to extend the coverage of the BS, in this context
referred to as the IAB-donor. IAB-nodes are connected to each
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other and to the IAB-donor via wireless backhaul links. User
equipment (UEs) can connect to either the IAB-node or IAB-
donor without changing their behavior [6] and should be able
to perceive the same quality of service (QoS) no matter the
access point.

As the number of hops between the UE and the IAB-
donor increases, the throughput and latency performance tend
to degrade [5], [7]. To ensure the best possible performance,
resource allocation at various levels of IAB operation should
be coordinated among the nodes and optimized. The half-
duplex constraint forbidding IAB-nodes/donor to simultane-
ously transmit and receive on their different interfaces [8]
significantly complicates this task [9], [10] by making care-
ful time allocation between subsets of links, known as link
scheduling, a key factor of network performance [11].

Wireless backhauling becoming an integral part of the 5G
network, IAB should support all services 5G has to offer [12]
and adequately serve latency- and throughput-sensitive traffic.
However, a latency-oriented network control may not allow
to fully exploit the capacity of the system [13], whereas a
throughput-optimal control may induce otherwise avoidable
packet latencies and is characterized by high implementation
complexity [14], [11]. There is thus the need for an IAB
link scheduling policy capable of accommodating latency-
and throughput-sensitive traffic and adaptive to varying traffic
conditions.

The aim of this paper is to propose a reduced-complexity
link scheduling policy for 5G IAB networks delivering a
mixture of latency- and throughput-sensitive traffic. To this
aim, we first formalize the IAB link scheduling optimiza-
tion problem in a latency-focused manner, formulate the
corresponding Markov decision process (MDP), and solve it
directly using latency as the optimization criterion. We then
identify a scalable fixed link scheduling pattern that ensures
low latency for high-priority latency-sensitive traffic. Finally,
we design a hybrid control policy that dynamically switches
the operational regime of the system between latency- and
throughout-oriented depending on the network conditions and
whose latency-complexity trade-off can be customized.

The main contributions of our work are:
• a mathematical framework for latency-focused link

scheduling optimization in IAB systems, built in terms
of an MDP with finite states’ and actions’ sets which can
be solved directly or via reinforcement learning;

• an ultra-low-complexity scalable fixed control policy
called Tree level switching (TLS) that minimizes the
latency for sparse high-priority latency-oriented traffic
over the whole capacity region of the system, but also

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2025.3570333

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



2

I I
N

T
R

O
D

U
C

T
IO

N

V
II 

N
U

M
E

R
IC

A
L

 R
E

S
U

LT
S

III SYSTEM MODEL
IV LOW-LATENCY TRAFFIC 

TRANSMISSION MODEL
V LINK SCHEDULING

FOR LOW-LATENCY TRAFFIC
VI LINK SCHEDULING 
FOR MIXED TRAFFIC

II 
B

A
C

K
G

R
O

U
N

D
 A

N
D

 
R

E
L

A
T

E
D

 W
O

R
K

V
III

 C
O

N
C

L
U

S
IO

N
S

- Network topology

- Node control under half-duplex
- Traffic demands and link 
  capacities
- Control optimization goals

- Packet transmission and 
  buffering
- System states

- System dynamics

- Performance measures

- MDP formulation
- Optimal control

- Tree Level Switching (TLS)
  fixed control policy

- Deterministic MDP for 
  the full-buffer scenario

- Throughput-oriented 
  control policies

- Hybrid TLS+ control

...describe the studied system, 
make the main modelling 
assumptions and discuss the 
goals of control optimization 

In
 t

h
is

 s
e
ct

io
n
,

w
e
..
.

...consider the specifics of 
the low-latency traffic and 
model its transmission to 
enable convenient MDP 
formalization

...formulate and solve the 
Markov decision problem 
for link scheduling oriented 
at low-latency traffic and 
derive the TLS fixed policy

...discuss throughput-
oriented link scheduling 
policies such as 
backpressure and 
propose the hybrid TLS+ 
control for mixed traffic

Fig. 1: The paper’s structure and focuses.

for dominant throughput-oriented traffic over 75–85% of
the capacity region;

• a hybrid TLS+ dynamic control policy for IAB net-
works with latency- and throughput-sensitive traffic
adaptively switching between latency- and throughput-
oriented regimes, which allows to fully utilize the
throughput capacity of the system and has a customizable
latency-complexity trade-off.

The paper is organized as follows. In Section II we in-
troduce the 3GPP IAB architecture and review related stud-
ies. Section III presents the system model and assumptions.
Sections IV and V deal with latency-sensitive traffic: in Sec-
tion IV we formalize mathematically its transmission model,
and in Section V formulate the associated MDP and derive
a simple latency-oriented link scheduling policy not requiring
explicit signaling between the IAB-nodes and donor. Then,
in Section VI we address the throughput-oriented control and
extend the proposed policy to the case of mixed traffic. A
detailed numerical study of the proposed policies is provided
in Section VII. Conclusions are drawn in the last section. For
the reader’s convenience, the structure and focuses of the core
paper sections are portrayed in Fig. 1.

II. BACKGROUND AND RELATED WORK

In this section we first outline the IAB architecture and
capabilities as defined by 3GPP and then proceed discussing
the related work.

A. The IAB Technology

According to the IAB architecture defined by 3GPP in
TS 39.401 [15], the IAB-donor is a gNB with additional
functionality to support self-backhauling. It combines a gNB
Central Unit (CU) and one or more gNB Distributed Units

IAB-DonorIAB-NodeIAB-NodeUE

Fig. 2: Protocols in the IAB architecture, stand-alone mode.

(DU), and performs centralized resource, topology and route
management for its controlled IAB network. An IAB-node
implements gNB-DU to provide access connectivity to UEs
and backhaul to its next-hop (children) IAB-nodes. The func-
tional split and protocols in an example stand-alone (SA) IAB
deployment are depicted in Fig. 2. For connecting to the DU of
its parent node, which can be another IAB-node or the IAB-
donor, the IAB-node supports a subset of UE functionality
called IAB Mobile Termination (MT), which terminates the
Uu interface of the upstream (towards the donor) backhaul
link. Such an architecture results in hierarchical tree-like IAB
topologies rooted at the donor [5], [16]. To enable packet
routing over multiple hops, the IP layer in the IAB backhaul
is carried over the IAB-specific Backhaul Adaptation Protocol
(BAP) sub-layer defined in 3GPP TS 38.340 [17].

Details of the NR IAB operation are specified in 3GPP
TS 38.174 [8]. Access and backhaul links of the IAB network
can operate in either the same or different frequency bands,
although the in-band option is considered more efficient as
it allows the network operator to fully utilize the available
costly spectrum [18]. IAB backhaul is mainly expected to
use mmWave [5], [19], yet several sub-6 GHz bands are also
supported [8]. Both SA and non-SA IAB deployments are
possible. In the former, all the signalling is performed by the
IAB system, whereas the latter implies LTE support. Multiple
paths between an IAB-node and the donor are supported in
SA mode by means of the NR dual connectivity mechanism,
however, recent research suggests that the impact of meshed
communications on increasing route redundancy may be neg-
ligible if the network is well planned [19].

Being a major challenge in multi-hop wireless networks,
interference imposes restrictions on the use of interfaces at
IAB-nodes/donor, in particular the half-duplex constraint [7],
[16], which is illustrated in Fig. 3. Although in mmWave
NR IAB, directional transmissions along with physical an-
tenna separation and smart scheduling at IAB-nodes can
substantially alleviate the interference problem [20], [21], [22],
simultaneous transmission and reception by the same node
is still out of reach in practical IAB deployments [19]. Full-
duplex radios are expected to address this challenge in the
future, but the technology is not yet mature for commercial
market [23]. This is why the IAB specification [8] demands
DU and MT of an IAB-node both either transmit or receive
when operating simultaneously and indicates time division
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Fig. 3: The half-duplex constraint in IAB.

duplexing (TDD) as the main duplexing option.

B. Performance Optimization of IAB Systems

Performance optimization of IAB networks has been investi-
gated along several major axes including user association and
topology management [24], [25], route selection [26], [27],
spacial multiplexing and beamforming [22], [28], resource
allocation [20], [29], and link scheduling [9], [10], [13], [30],
[31]. The latter is particularly relevant to 3GPP-compliant
IAB deployments subject to the half-duplex constraint, which
profoundly impacts the system performance [32]. A compre-
hensive survey of previous IAB-related research can be found
in [19]. A recent survey on latency-oriented link scheduling
in IAB networks is provided in [11].

The problem of link scheduling optimization has been stud-
ied in generic multi-hop wireless networks with interference-
induced constraints. The seminal works [33], [34] by Tassiulas
and Ephremides yielded the well-known backpressure (BP)
link scheduling and routing algorithm along with a proof of
its throughput optimality using the queuing-theoretic frame-
work and the Lyapunov drift technique. BP provided the
basis for a number of control policies aimed at remedying
its two major shortcomings: poor latency performance [35],
[36] and prohibitive implementation complexity [14], [37].
The latter covers not only the computational complexity per
control decision, but also such characteristics as the signaling
overhead/delay [36] or the need to maintain per-flow queues
[37], [38]. Study [36] revealed a connection between BP and
an MDP-based latency-minimizing control and exploited it to
develop a throughput-optimal policy with improved latency
performance, however it is still characterized by high com-
plexity and the necessity for real-time signaling.

The majority of the aforementioned studies viewed the net-
work’s throughput capacity as the primary control optimization
criterion, with the packet latency or implementation complex-
ity coming next as secondary optimization goals. However,
having a multi-hop network instead of just a single link at the
last mile in 5G makes packet latency a critical performance
metric. This has been observed, for instance, in multi-hop
vehicle-to-vehicle (V2V) communications systems [39], [40],
[41]. Therefore, although throughput remains among the key
criteria of IAB link scheduling optimization [30], [42], the
end-to-end packet latency improvement often plays an equally
important [7], [32] and sometimes central role [9], [13], [31].

The MDP framework [43], along with reinforcement learn-
ing (RL) techniques, provides a systematic approach to
latency-oriented control. Thus, the authors of [9] considered
the problem of link scheduling in self-backhauled systems with
the half-duplex constraint as an MDP, solved it formally by
utilizing dynamic programming and then obtained a practical

solution via RL approximation. The reported results illustrate
the superiority of the proposed approach for topologies where
IAB-nodes/donor have a single radio interface. However, only
the downlink transmission direction was considered, whereas
a particular challenge in half-duplex IAB control is to accom-
modate both downlink and uplink traffic.

Although in some special cases the MDP framework can
result in a simple optimal solution [13], [44], typically, the
control policy it yields is associated with the particular work-
load conditions under which it has been obtained and is cen-
tralized, i.e., relies on the full knowledge of the network state
by the controller [9], [29], which may induce signaling delays
in SA IAB deployments. Throughput-oriented distributed link
scheduling policies for downlink-only IAB networks were
proposed in [30], [45]. While the solution in [45] stems from
the queueing-theoretic framework, that in [30] relies on a
multi-agent RL architecture where control agents are located
at IAB-donor/nodes’ antenna panels. In the training phase,
the agents are coordinated by centralized critics located at the
IAB-donor, but once the training is completed, control is fully
distributed with no information exchange between the donor
and nodes. A latency-oriented distributed RL-based control
was proposed for half-duplex IAB with uplink traffic in [31].
The authors aim their policy at reliable latency performance
by making the loss function combine the value of packet
latency with its conditional value at risk (CVaR) metric, which
provides an estimate of the expected latency in the tail of
its distribution. Link scheduling decisions are taken locally
at IAB-nodes by multi-armed bandit-type agents, however, a
centralized consensus mechanism is used for coordination.

Although an IAB deployment should satisfy requirements of
both throughput- and latency-sensitive traffic in the downlink
and uplink directions, a limited number of optimization results
deliver an IAB-oriented compromise between latency perfor-
mance, throughput and control complexity. In this work, we
aim to fill this gap and propose a reduced-complexity approach
to link scheduling in a half-duplex IAB system delivering a
mixture of latency- and throughput-sensitive traffic.

III. SYSTEM MODEL

In this section we describe the considered system model and
introduce our key assumptions. Similarly to [9], [10], [32], we
focus on the network-related aspects of the system, namely
the multi-hop transmission under time division multiplexing
(TDM) and the half-duplex constraint as predominant factors
affecting the packet latency.

A. Network Topology

We consider an IAB network with one IAB-donor and
N−1 > 0 IAB-nodes forming a tree topology with the donor
at its root, as shown in Fig. 4. Spanning-tree topologies are
suggested for IAB by 3GPP in [16] and imply that only one
route exists between the IAB-donor and each IAB-node. It is
assumed that each IAB-node and the donor have a designated
interface for backhauling and the backhaul topology is fixed,
e.g., at the network planning phase.
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Fig. 4: System model illustration. The IAB-donor implements
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network. The IAB-nodes act as access points and wireless
relays carrying traffic from and to the IAB-donor. The link
scheduling policy determines the subsets of wireless links to
be activated at each time.

Let the IAB network be represented by an undirected graph
⟨N , EN ⟩ that consists of |N | = N vertices corresponding
to all network nodes including the donor. Hereafter, we use
the terms “node” and “vertex” interchangeably to refer to
IAB-nodes and the IAB-donor. The set EN includes the edge
between two vertices whenever backhaul transmission between
the corresponding network nodes is allowed by the topology.

The vertices are labeled from 1 to N so that: (i) vertex 1
corresponds to the IAB-donor, and (ii) if i < j ≤ N then the
distance from vertex 1 to vertex i (in terms of the number of
edges) is not greater than from 1 to j. The graph ⟨N , EN ⟩ is
specified by the adjacency matrix T = (Ti,j)i,j∈N , in which
Ti,j = 1 if there is an edge between vertices i and j, i.e.,
(i, j) ∈ EN , and Ti,j = 0 otherwise.

Data packets are transmitted in the uplink and downlink
directions. The uplink direction corresponds to transmission
from the IAB-nodes (UEs) to the IAB-donor, and the down-
link from the IAB-donor to the IAB-nodes (UEs). Downlink
packets arrive to the IAB-donor from the core network (CN)
over a wired link, so do uplink packets leaving the IAB-donor
for CN. The superdiagonal entries of T define the downlink
transmission, while its subdiagonal elements describe the
uplink. The diagonal entries of T are assumed zero.

B. Node Control under Half-Duplex

Due to the half-duplex constraint, it is assumed that simulta-
neous transmission and reception over different interfaces are
not allowed at the IAB-donor and IAB-nodes. In other words,
an IAB network node can be either sending or receiving data.

We assume that the network is controlled in a semi-
centralized manner. The model time is slotted and the time step
duration corresponds to the transmission time interval (TTI)
in 5G NR. In each time step, first, a backhaul transmission
takes place during a fixed time interval of duration h > 0.

Here, transmit/receive modes are determined by an IAB-donor-
located controller following a control policy. The mode of
each node can be switched at the beginning of each time
step and remains constant during the backhaul transmission
phase. Then, until the beginning of the next time step, access
is scheduled and provided to UEs independently by all IAB
network nodes. The centralized control action applies to the
first backhaul phase only.

Let ai(n) = 0 if, at time step n, node i is receiving, and
ai(n) = 1 if it is transmitting, a(n) = (ai(n))i∈N . Then the
actual transmission topology at time steps n = 0, 1, 2, . . . is
determined by T and the control vector a(n). In order for a
packet to travel from one node to another, the source node must
be transmitting while the destination node receiving. Thus,
for any i, j ∈ N , data transmission from i to j is possible
only if the following three conditions are met: (i) node i is
transmitting, (ii) node j is receiving, and (iii) Ti,j = 1. Then,
given that a(n) = a ∈ {0, 1}N , the elements of an adjacency
matrix R(n) = R(a(n)) defining the actual transmission
topology graph at time n are

Ri,j(a) = Ti,j1ai−aj=1, i, j ∈ N , (1)

where 1x denotes the indicator function that equals 1 if x is
true, and 0 otherwise.

Fig. 5 shows an example five-node IAB backhaul network
with an applied control a(n) = (1, 1, 0, 0, 0) and the corre-
sponding adjacency matrix of the transmission topology.

C. Traffic Demands and Link Capacities

We consider two services provisioned over the IAB network
producing two types of traffic: high-priority low-latency (LL)
and voluminous conventional data traffic referred to as broad-
band (BB). Three mechanisms to comply with the latency
and reliability constraints of the LL service are utilized [46].
First, to decrease its latency at a single backhaul link, we
assume that LL traffic receives queuing priority over BB,
i.e., BB packets are transmitted only when there are no LL
packets queued for the same link. Second, to account for the
reliability constraints, a conventional target block error rate
(BLER) of pBB = 0.1 is utilized for BB packets, while a
conceptually stronger modulation and coding (MCS) scheme
enabling BLER of pLL = 0.01 is used for LL packets. Finally,
to reach the target error probability of 10−6, for LL packets
replication coding with parameter r = 3 is assumed [47].

We let the IAB-donor and IAB-nodes all have groups of
associated UEs sending and receiving data packets of both
services to/from the CN. Thus, the IAB backhaul serves 2(N−
1) traffic flows, N − 1 uplink and N − 1 downlink, which we
index by the number of the network node to which the UE
group is associated. Node 1 is the source node of all downlink
flows and the destination node of all uplink flows. Let Nk ⊂ N
denote the set of nodes through which packets of flow k travel
and let N1 = {1}. The sets Nk, k ∈ N \ {1}, can be easily
obtained from T and uniquely determine the routes of the
flows and, by consequence, the order of visited nodes, since
the nodes are indexed according to their distance from the root
node. Denote Nk = |Nk|, k ∈ N , and notice that Nk − 1 is
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control and the corresponding connectivity matrix.

the distance from node k to node 1. The longest route in the
network is thus of length NN − 1.

The number of packets exogenously arriving to the source
node of each flow in each time step is assumed Poisson-
distributed with means λUL

k and λDL
k for uplink and downlink

flows, respectively. An arriving packet belongs to the LL type
with probability qLL, otherwise it is of BB type.

The IAB-donor and nodes operate in the mmWave band
according to 5G NR. To account for specifics of radio trans-
mission including directional antennas, code rate, numerology
as well as MCS schemes, we utilize the model specified in
3GPP TS 38.306 [48, Clause 4.1.2]. Accordingly, the radio
link capacity can be approximated as

C[Mbps] = 10−6νQmRmax12N
B,µ
PRB(1− ω)/Tµ

smbl, (2)

where ν is the number of multiplexed layers, Qm the modula-
tion order, Rmax the code rate, NB,µ

PRB the number of available
primary resource blocks for the given bandwidth B and
numerology µ, w the overhead, and Tµ

smbl = 10−3/(14× 2µ)
the average symbol duration for numerology µ.

We assume that the same amount of link capacity, σ[bit], is
needed to transmit one LL and BB packet because the former
are replicated to achieve a greater transmission reliability.

D. Control Optimization Goals

For the considered system, we are interested in an efficient
control policy for the IAB network nodes. However, the QoS
requirements of the considered traffic types differ. The key
performance measure for LL traffic is the end-to-end packet
latency. For BB traffic, on the other hand, the central metric
of interest is the network throughput, i.e. the amount of traffic
that can be transmitted by the network. Moreover, especially
for LL traffic, the control policy should not induce important
additional computational and/or signaling delays.

To reconcile these contradictory needs, the link scheduling
policy should (i) minimize the end-to-end latency of packet
delivery in the IAB network at least for the prioritized LL
packets, (ii) allow to exploit the full capacity region of the
system, and (iii) induce as low control overhead/delay as
possible. The latter requirement implies that the policy should

not rely on the full knowledge of the system state at any
decision epoch, as it is the case for throughput-optimal link
scheduling policies [11].

Our response to this challenge is a hybrid control, referred
to as TLS+, that by default operates in low-complexity latency-
minimizing mode, but switches to a more computationally
challenging throughput-maximizing mode upon a customiz-
able trigger. In the next two sections we focus on LL traffic
and derive the latency-oriented component, namely the TLS
policy. Then, in Section VI we turn to BB traffic, discuss
throughput-oriented link scheduling, and propose the hybrid
TLS+ policy, which can be customized to balance the needs
of both traffic types.

IV. LOW-LATENCY TRAFFIC TRANSMISSION MODEL

To derive a control policy that addresses the needs of LL
traffic, we first build a model of LL traffic transmission in
a half-duplex IAB backhaul and then use it to formulate a
Markov decision problem in Section V.

A. Packet Transmission and Buffering

We let all vertices in N have per-neighbor buffers of
unlimited capacity. Node 1 has several downlink buffers – one
for each incident edge – that receive external arrivals. These
represent packets arriving from the CN over a wired link. At
the same time, node 1 is the sink for all uplink flows. Each
node i ∈ N \ {1} has one uplink buffer receiving external
arrivals and

∑N
j=i Ti,j downlink buffers. Nodes in N \ {1}

are sinks for the corresponding downlink flows.
Upon arrival to node i, a downlink packet of flow k joins the

downlink buffer corresponding to the outbound edge through
which vertex k is accessible. An uplink packet joins the uplink
buffer. If the packet is of BB-type, it is placed at the end of
the queue. An LL packet is placed before the first BB packet.

Now, if Ri,j(n) = 1 for some i < j, then in time step n the
first ⌊h[s]C[bps]/σ[b]⌋ packets from downlink buffer (i, j) of
node i attempt transmission, which succeeds with probability
1−prLL for LL packets and with probability 1−pBB for BB. In
the case of successful transmission the packet moves to node
j if j < k or leave the network if j = k, otherwise it remains
at node i and keeps its position in the queue. Similarly, if in
time step n data transmission is possible from node i to an
adjacent node j < i (uplink), i.e., if Ri,j(n) = 1, then the
first ⌊hC/σ⌋ packets of the uplink buffer in node i attempt
transmission in this time step. If transmission is successful,
the packet moves to the uplink buffer in node j if j > 1 or
leaves the network if j = 1, otherwise it remains in node i
and keeps its position in the queue.

B. System States

Under the considered assumptions, BB-type packets, being
of lower priority in queues, do not affect LL traffic. Fur-
thermore, we assume that the share of LL traffic, which is
determined by the probability qLL for a packet to belong to
this type, is rather small, e.g. 5–10 %, and the probability of
its successful transmission is close to 1. This implies that if a

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2025.3570333

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



6

link is enabled by the control policy at a certain time step, we
can assume that all LL packets from the corresponding buffer
are transmitted in the same time step, which is equivalent to
assuming infinite link capacities for LL traffic transmission.
Still, since each node is either transmitting or receiving, no
packet can travel over more than one link in one time step.

The state of a queuing network is commonly described via
the number of packets in the queues. However, we adopt a
different approach and define the state of a buffer by the age
of the “oldest” LL packet therein. By the age we understand
the number of time steps elapsed since the arrival of the packet
into the network. Such an approach reduces the state space of
the model and permits focusing on latency optimization, which
is the key performance measure in our analysis.

We assume that all packets entering the network during time
step n−1 find themselves in the buffers receiving external
arrivals at the beginning of time step n aged 1. Then, in each
consecutive time step spent in the system, the age of the packet
increases by 1, independently of whether the packet moves
between nodes or not. If the packet leaves the system at time
n+m then it has experienced a latency of m+ 1 time steps.

Denote by sUL(i, n) the maximum LL packet age in
the uplink buffer of node i ∈ N\{1} at time n, and let
sUL(i, n) = 0 if the buffer does not contain any LL packets.
For convenience of further notation, we introduce a row
vector sUL(n) =

(
sUL(2, n), . . . , sUL(N,n)

)
and denote its

components by sUL
i (n) = sUL(i + 1, n), i = 1, . . . , N−1.

Similarly, let sDL
k,i (n) represent the maximum age of the LL

packet of flow k in the downlink buffers of node i ∈ N at
time n. We denote sDL

k (n) =
(
sDL
k,1(n), . . . , s

DL
k,k−1(n)

)
and

sDL(n) =
(
sDL
2 (n), . . . , sDL

N (n)
)
.

Now, the state of the whole system can be described by a
row vector s = (sUL, sDL) of size N(N+1)/2−1 having non-
negative integer-valued components. However, not any vector
from {0, 1, 2, . . . }N(N+1)/2−1 represents a feasible system
state. In particular, we note that sDL

k,i (n) = 0 for all i ∈ N\Nk.
Indeed, we use zero padding to preserve the routes and sDL

actually has only
∑

k∈N\{1}(Nk − 1) significant entries.
Since in each time step a downlink LL packet either moves

one hop to its destination or waits for the link to switch on, its
age at a node is always greater than the distance from this node
to the root, therefore if sDL

k,i (n) > 0, then sDL
k,i (n) ≥ Ni. Also,

because the nodes are numbered with respect to their distance
from the root, if sDL

k,j (n) > 0 then i < j ⇔ sDL
k,i (n) < sDL

k,j (n).

C. System Dynamics

At the beginning of time step n we find the system in state
s(n). Then, first, a control a(n) is applied and all LL packets
of the corresponding buffers are transmitted over enabled links.
The packets received from adjacent nodes are put into buffers
for further transmission or leave the network (if arrived to node
1 in the uplink or to the destination nodes in the downlink).
We denote this intermediate state of the system by s(n + 0).
After that, all external arrivals in time step n, i.e., the packets
arrived to node 1 from the CN and to nodes 2, . . . , N from
UEs, aged 0, are put into the respective buffers. Next, before
the end of the time step, the age of all packets in the system

increases by 1, and then the new system state, s(n + 1), is
finalized for time step n+ 1.

Let us now derive the system equations linking s(n) and
s(n+1). To describe the uplink state transitions, we will make
use of a lower triangular matrix RUL(n) of order N−1, whose
elements are obtained from matrix R(n) as follows

RUL
i,j (n) =


Ri+1,j+1(n) if 1 ≤ j < i < N,

1−
i∑

k=1

Ri+1,k(n) if 1 ≤ j = i < N,

0 otherwise.

(3)

Then,

sUL(i, n+ 0) = max
j∈N\{1}

{
sUL(j, n)RUL

j−1,i−1(n)
}
, (4)

provides the intermediate state of the uplink buffers after
applying the control and transferring the packets over enabled
links. Notice that (4) resembles matrix multiplication with the
summation replaced by the maximum function.

To obtain sUL(n + 1) we account for external arrivals at
time step n and increase the age of all packets in the system
by 1. Let θUL

i (n), i ∈ N \ {1}, equal 1 or 0 depending on
whether the uplink buffer of node i received external arrivals
in time step n. This yields, for any i ∈ N \ {1} and n ≥ 0,

sUL(i, n+1) =

{
sUL(i, n+0) + 1 if sUL(i, n+0) > 0,

θUL
i (n) otherwise.

(5)

For convenience of notation, for an arbitrary vector x of
length J , a J×J binary matrix M and any index i = 1, . . . , J ,
we define a mapping

fi(x,M) = max
j=1,...,J

{xjMj,i}+ 1 max
j=1,...,J

{xjMj,i}>0. (6)

Now, the system equation for the uplink can be written as

sUL(i, n+ 1) = max
{
fi−1

(
sUL(n),RUL(n)

)
, θUL

i (n)
}
, (7)

for any i ∈ N \ {1} and n ≥ 0.
We address the downlink transmission in a similar manner.

Let θDL
k (n) = 0 if no LL packets of downlink flow k arrived

to node 1 in time step n and θDL
k (n) = 1 otherwise. For any

k ∈ N \ {1} we define an upper triangular square matrix
RDL

k (n) of order k − 1 as

RDL
k,i,j(n) =


Ri,j(n) if i, j ∈ Nk\{k}, i < j,

1−
∑

l∈Nk,l>i

Ri,l(n) if i ∈ Nk\{k}, j = i,

0 otherwise.

(8)

For any k ∈ N \ {1}, i = 1, . . . , k − 1 and n ≥ 0 we have

sDL
k,i (n+ 0) = max

1≤j<k

{
sDL
k,j (n)R

DL
k,j,i(n)

}
, (9)

and also

sDL
k,i (n+ 1) =


sDL
k,i (n+0) + 1 if sDL

k,i (n+0) > 0,

θDL
k (n) if i = 1 and sDL

k,1(n+0) = 0,

0 otherwise.
(10)

Using notation (6), for any k ∈ N \ {1} we can write

sDL
k,1(n+ 1) = max

{
f1

(
sDL
k (n),RDL

k (n)
)
, θDL

k (n)
}
,

sDL
k,i (n+ 1) = fi

(
sDL
k (n),RDL

k (n)
)
, 1 < i < k.

(11)
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From the control theory perspective, equations (7) and (11)
relate the state of the system at time n+ 1 to the state of the
system at time n, the control used at time n, a(n), which de-
termines the matrices RUL(n),RDL

2 (n), . . . ,RDL
N (n), and the

disturbance at time n, given by the external arrival indicator

θ(n) =
(
θ
{UL,DL}
i (n)

)
i∈N\{1}

∈ {0, 1}2(N−1). (12)

D. Performance Measures

To estimate the quality of a control a applied in a state s,
we evaluate the maximum LL packet age in the network after
enacting the control, packet transmission and aging but before
registering new external arrivals. Since the sought-for control
policy is aimed at minimizing the maximum latency in the
network, we can assume that by applying control a in state s
the controller incurs a cost of

cmax(s,a) = max
{

max
i∈N\{1}

fi
(
sUL,RUL(a)

)
,

max
k∈N\{1},i∈Nk\{k}

fi
(
sDL
k ,RDL

k (a)
)}

.
(13)

Alternatively, to additionally encourage optimization of
shorter routes, we can express the incurred cost as the sum
of maximum LL packet ages in all buffers, which corresponds
to the unnormalized buffer-average (not packet-average) max-
imum packet age:

cavg(s,a) =
∑

k∈N\{1}

(
fk

(
sUL,RUL(a)

)
+

∑
i∈Nk\{k}

fi
(
sDL
k ,RDL

k (a)
))

.

(14)

V. LINK SCHEDULING FOR LOW-LATENCY TRAFFIC

We estimate the efficiency of control for LL traffic in terms
of the maximum latency experienced by packets of this type.
Namely, we demand that a control policy: (i) ensures that the
latency of any LL packet does not exceed some fixed value, τ ,
which depends on the network topology and more specifically
on the length of its longest route NN−1 and (ii) minimizes the
maximum latency of LL packets. For the model of the previous
section, the MDP framework permits deriving a deterministic
stationary optimal control policy π which maps any state s to
an action a = π(s) [43]. We provide the MDP formalization
next in this section.

However, to reduce the signaling overload and consider-
ing the stringent time constraints of IAB scheduling, it is
preferable to obtain some fixed policy, a(1),a(2), . . . ,a(L),
that can be applied on a loop regardless of the system state
and still provide acceptable network performance. The MDP
framework can help us in this task as well, if we find an
adequate way to eliminate randomness in the process model.
Indeed, a sufficiently long trajectory of a process following
some optimal deterministic control policy in a finite state set
with deterministic transitions will necessarily loop: the process
is bound to return to some state because the state set is finite,
and the trajectory will repeat from this point because the
transitions are deterministic. The sequence of actions of such a

loop can be taken as the fixed policy, provided that the process
starts in a state of the loop or the proposed policy ensures it can
reach its state. To make the process transitions deterministic
we consider the worst-case, full-buffer scenario in which new
LL packets join all queues receiving external arrivals at each
time step. The full-buffer MDP will be considered in details
further in this section and the obtained fixed policy – Tree
level switching (TLS) – will be discussed in Subsection V-D.

A. MDP Formulation

An MDP formulation for the problem of optimal control for
LL traffic in the IAB backhaul network with the stated above
optimization criteria follows.

1) Decision epochs (infinite horizon):

T = {0, 1, 2, . . . }. (15)

2) States (finite): We demand that no LL packet experience
a latency larger than a threshold τ and let the set of states,

S ⊂ {0, 1, . . . , τ}
N(N+1)

2 −1, (16)

consist of all such vectors s =
(
sUL, sDL

)
that can be

obtained from state (0, . . . , 0) by a finite sequence of controls
a1, . . . ,aJ for some combination of disturbances θ1, . . . ,θJ .
Such states satisfy the properties stated in Section IV-B and
the number of significant entries in s is

∑
k∈N\{1} Nk.

We will refer to system states that have one or more entries
equal τ as terminal states and denote their set by Sτ ⊂ S. The
set of non-terminal states is denoted S̄τ = S \ Sτ .

3) Actions (finite): We define the set of feasible actions in
state s ∈ S as

As =

{
∅ if s ∈ Sτ ,

A otherwise,
(17)

where A = {0, 1}N . We assume that if any of the state vector
entries attains the threshold latency τ , the process terminates.

4) Expected rewards (stationary and bounded): We define
the controller reward for applying control a in state s as

rX(s,a) = τ − cX(s,a), X ∈ {max, avg}, (18)

where cX(s,a) is given either by (13) or (14) representing,
respectively, the overall or the buffer-average maximum LL
packet age in all buffers after packet transmission and aging
but before registering external arrivals.

5) Transition probabilities (stationary): It is assumed that
the vectors of external arrival indicators, θ(n), are realizations
of random vectors Θ(n) that take values in {0, 1}2(N−1), are
independent of θ(m) for any m < n, and have probability
distributions that do not depend on s(n) or a(n). Let pUL

i and
pDL
i denote, respectively, the probabilities that ΘUL(i, n) and

ΘDL
i (n) assume the value of 1, and thus external arrivals to

different network nodes occur independently of each other.
Next, we notice that as a result of action a ∈ A and external

arrivals the system can move from a non-terminal state s ∈ S̄τ

only to such states s̃ that
1) s̃UL

i = fi(s
UL,RUL(a)) if fi(s

UL,RUL(a)) > 0 and
s̃UL
i ∈ {0, 1} otherwise, i = 1, . . . , N − 1;
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2) s̃DL
k,i = fi(s

DL
k ,RDL

k (a)) for all i = 2, . . . , k − 1, k ∈
N\{1}.

3) s̃DL
k,1 = f1(s

DL
k ,RDL

k (a)) if f1(s
DL
k ,RDL

k (a)) > 0 and
s̃DL
k,1 ∈ {0, 1} otherwise, k ∈ N\{1}.

We denote the set of all such states s̃ for a ∈ A and s ∈ S̄τ

by C(s,a) ⊂ S, and let C(s,a) = ∅ for s ∈ Sτ .
Now, for any s ∈ S̄τ and a ∈ As, the conditional probability

to find the process in state s̃ ∈ S given that in the previous
time step it was in state s and action a was taken is

p(s̃|s,a) =
N∏
i=2

(
(pUL

i )s̃
UL
i−1(1− pUL

i )1−s̃UL
i−1

)1fi−1(sUL,RUL(a))=0 ×(
(pDL

i )s̃
DL
i,1 (1− pDL

i )1−s̃DL
i,1

)1
f1(sDL

i
,RDL

i
(a))=0

(19)

if s̃ ∈ C(s,a), and p(s̃|s,a) = 0 for all s̃ /∈ C(s,a). Indeed,
the states of the buffers not receiving external arrivals are
completely determined by the original state and action, so
the above expression does not consider the downlink buffers
at nodes i > 1. Furthermore, if a buffer was not empty
after applying the action in the previous state s, its state is
not affected by external arrivals. To reflect this we take the
corresponding factor to the power of 1fi−1(sUL,RUL(a))=0 or
1f1(sDL

i ,RDL
i (a))=0. Finally, after registering external arrivals

the buffer state can be either 1, with probability p
{UL,DL}
i , or

0, with probability 1− p
{UL,DL}
i .

We refer to {T ,S,As, r{max,avg}(s,a), (s̃|s,a)} as the
backhaul MDPmax or MDPavg depending on the reward r.

B. Optimal Control
To find an optimal LL-traffic-oriented IAB scheduling pol-

icy using the backhaul model MDP described above, we as-
sume the expected total discounted reward optimality criterion
with a discount factor 0 ≤ λ < 1 and adopt the dynamic
programming method. We recall that if the system is in state
s0 at the first decision epoch, the expected total discounted
reward for a policy is defined as

Qλ(s0) = Es0

{ ∞∑
n=1

λn−1r(s(n),a(n))

}
. (20)

The optimality (or Bellman) equations for this problem are
then given for all s ∈ S by

Qλ(s) = max
a∈As

{
r(s,a) +

∑
s̃∈C(s,a)

λp(s̃|s,a)Qλ(s̃)
}
. (21)

Since we have stationary rewards and transition probabili-
ties, finite state and action sets, and rewards are bounded, there
exists an optimal deterministic stationary policy given by

a∗s ∈ A∗
s = arg max

a∈As

{
r(s,a) +

∑
s̃∈S(s,a)

λp(s̃|s,a)Q∗
λ(s̃)

}
, (22)

where Q∗
λ(j) is the solution to (21). The solution can be

obtained, e.g., by iteratively solving (21) with the criterion
for stopping after iteration n given by

max
s∈S

|Q(n)
λ (s)−Q

(n−1)
λ (s)| < ϵ(1− λ)/2λ, (23)

for some small ϵ > 0 [43, Section 6.3.2].

3

1 2 4 5

1 2 4 5

a = (1 0 0 1 0)

a = (0 1 1 0 1)
2n:

Time steps

2n + 1:

3

Fig. 6: TLS policy for an example IAB backhaul network.

C. Deterministic MDP for the Full-Buffer Scenario

To obtain an MDP with deterministic transitions, we adopt
the worst-case full-buffer scenario and set pUL

i = pDL
i = 1

for all i ∈ N \ {1}, which yields θ(n) = (1, . . . , 1) for all n.
Although this modification suffices to formalize the full-buffer
backhaul MDP, we will redefine its affected components,
namely, the state set and the transition probabilities.

Let the state set of the full-buffer backhaul MDP, SFB ⊂
S, consist of all such vectors s =

(
sUL, sDL

)
that can be

obtained from state (0, . . . , 0) by a finite sequence of controls
a1, . . . ,aJ with the disturbance θ = (1, . . . , 1). Thus, for all
s ∈ SFB\{0} the queues receiving external arrivals cannot be
empty: sUL

i > 0, i = 1, . . . , N−1, and sDL
k,1 > 0, k ∈ N \{1}.

Transitions between states are deterministic, i.e., for any
non-terminal s ∈ S̄FB

τ and a ∈ A we have |C(s,a)| = 1.
More specifically, upon action a the process moves from state
s with probability 1 to state s̃ =

(
s̃UL, s̃DL

)
given by

s̃UL
i = max{fi(sUL,RUL(a)), 1}, i = 1, . . . , N − 1, (24)

and, for k ∈ N \ {1},

s̃DL
k,i =

{
fi(s

DL
k ,RDL

k (a)) if i = 2, . . . , k − 1,

max{f1(sDL
k ,RDL

k (a)), 1} if i = 1.
(25)

Thus, for s ∈ SFB and a ∈ As, the transition prob-
ability is pFB(s̃|s,a) = 1 if s̃ is given by the expres-
sions above and zero otherwise. The collection of objects
{T ,SFB,As, r{·}(s,a), p

FB(s̃|s,a)} will be referred to as the
full-buffer MDP.

D. Tree Level Switching (TLS) Fixed Control Policy

The deterministic MDP above with the reward function
ravg(s,a) yields a simple 2-step fixed control policy, which
can be obtained for an arbitrary network as follows. Let, as
previously, Nk = |Nk|, k ∈ N . Now, set for all i ∈ N

a
(1)
i =

{
1 if Ni = 2m for some m ∈ N,
0 if Ni = 2m+ 1 for some m ∈ N,

(26)

and a
(2)
i = 1− a

(1)
i .

Then, (a(1),a(2)) represents a fixed control policy that
minimizes the maximum packet latency in the LL traffic trans-
mission model under the full-buffer assumption and ensures
that no packet experiences a latency exceeding

τ = NN + 1. (27)

The resulting pattern is referred to as Tree level switching
(TLS). Fig. 6 illustrates the policy for an example network.
Fig. 7 shows the trajectory of the full-buffer MDP for the same
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a = (01101), (10010) Full buffer
arrivals 

(1 1 1 1)(1   1 0   1 0 0   1 0 0 0)

(1 1 2 1)(2   2 0   2 0 0   2 0 0 0)

(1 1 3 1)(2   2 0   2 0 0   2 0 0 3)

(1 1 3 1)(2   2 0   2 0 0   2 0 0 4)

a = (01101) a = (10010) 

a = (10010) 

a = (10010) 

a = (01101)

a = (01101)

a = (01101)

a = (10010) 

(0 0 0 0)(0   0 0   0 0 0   0 0 0 0)

(2 2 1 2)(1   1 0   1 2 0   1 2 0 0)

(3 2 1 2)(1   1 0   1 3 0   1 3 0 0)

(4 2 1 2)(1   1 0   1 3 0   1 3 0 0)

Fig. 7: The trajectory of the full-buffer backhaul MDP under
the TLS fixed control policy starting from state 0. Starting
with either control of the pattern, a(1) or a(2), the process
ends up in a loop switching between two states (in yellow).

network. The latency threshold (27) stems from the following
argument. Under the proposed control policy, each LL packet,
once set to motion, travels non-stop because the links are
enabled consecutively in either direction. Thus, the packet’s
travelling time along a flow k route equals the route’s length
Nk − 1. However, a packet can arrive at a “wrong” phase
and wait to be set to motion. E.g., in Fig. 6 an uplink LL
packet arriving to node 5 during time step 0, under the adopted
assumptions, will join the buffer and not move further uplink
at time 0. Then, at time 1, it cannot move either because
the link is enabled in the opposite direction, so the packet
remains in the buffer. At time 2, aged 2, the packet starts
travelling and travels non-stop until it leaves the system. The
waiting of L = 2 time steps is the worst-case waiting in either
direction. This yields the worst-case flow k LL packet latency
of 2 +Nk − 1 = Nk + 1 and the worst-case backhaul latency
of NN + 1 for any LL packet, because Nk ≤ NN and the
pattern applies similarly to all routes.

Fig. 8 compares latency of TLS, MDPavg, and MDPmax
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Fig. 8: Mean backhaul LL packet latency vs. the arrival
probability p under MDPmax, MDPavg and TLS control in
the LL traffic transmission model.

controls. The results are presented for the topology of Fig.
10(a) with the arrival probabilities of p

{UL,DL}
k = p, i.e.,

the offered workload is evenly distributed across the routes
and between uplink and downlink at each route. The figure
shows the mean backhaul LL packet latencies as functions
of p. The values are averages over 100 simulation runs, error
bars indicate the corresponding standard deviations. The MDP-
based solutions outperform the TLS fixed policy for lower
workloads, where the controller can adapt the TDM pattern to
suit individual arrivals. However, with the workload increas-
ing, packets arriving to different routes uplink and downlink
must be transmitted simultaneously. In these conditions, in
terms of the mean latency, TLS outperforms MDPmax, whose
focus is solely on the maximum latency, and approaches
MDPavg.

VI. LINK SCHEDULING FOR MIXED TRAFFIC

The TLS control policy derived in the previous section suits
LL traffic, but it is not throughput-optimal. The throughput
performance of a control policy is characterized by its stability
region defined as the set of all packet arrival rates for which
the network under this policy is stable, i.e., the time-average
backlogs of its queues are finite. The network’s capacity region
is the set of arrival rates that the network can stably support
using all possible control policies. Throughput-optimal policies
stabilizes the network whenever possible: their stability region
and the capacity region of the network coincide [33].

TLS equally partitions the time resources between the
uplink and downlink without adapting to the actual workload
distribution. As a result, at certain workload levels TLS can-
not stabilize the queues while a throughput-optimal dynamic
control policy still can, although at the expense of compu-
tational and/or signaling delays. In this section we propose
a customizable hybrid control policy that switches between
TLS and a throughput-optimal dynamic control depending of
the state of the buffers. Before formalizing our approach, we
review candidate dynamic policies to be employed in such a
setup. Their performance will be compared in Section VII.

A. Throughput-Oriented Control Policies
1) Differential Backlogs: The widely known throughput-

optimal network control policy is the backpressure (BP) policy
proposed in [33]. The central idea behind BP and similar
capacity-maximizing control algorithms is to use differential
queue backlogs. For the studied IAB network these can be
expressed as follows.

Let the network links be indexed by the number of their in-
cident nodes farther away from the donor. Denote by QUL

l,k (n)
the number of flow k packets (of both types) in the uplink
queue facing link l at the beginning of time step n and let
QUL

1,k(n) = 0 for all k and n. Similarly, denote by QDL
l,k (n) the

number of flow k packets in the downlink buffer facing node
l. Then, the differential backlogs in the uplink are written as

∆QUL,α
l,k (n) = (QUL

l,k (n))
α − (QUL

maxNl\{l},k(n))
α, (28)

and in the downlink as

∆QDL,α
l,k (n)=

{
(QDL

l,k (n))
α if l = k,

(QDL
l,k (n))

α−(QDL
m(l,k),k(n))

α if l ̸= k,
(29)
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where m(l, k) = min{i ∈ Nk : i > l}, α > 0 is scaling factor.
2) The Backpressure Policy: The BP policy determines the

action at time step n as

a∗ ∈ argmax
a

∑
l∈N\{1}

(WUL
l (n)CUL

l (n)
∑
i<l

Ri,l(a)+

WDL
l (n)CDL

l (n)
∑
j<l

Rl,j(a)),
(30)

where CX
l (n) is the capacity, in packets per time step, of link

l in direction X ∈ {UL,DL} and the links’ weights, for l ∈
N \ {1}, are given by

W
{UL,DL}
l (n) = max

{
0, max

k:l∈Nk

∆Q
{UL,DL},1
l,k (n)

}
. (31)

Once an optimal action a∗ is determined and employed,
the packpressure policy implies transmission over active links
up to C

{UL,DL}
l (n) packets of the flows whose differential

backlogs, with α = 1, yield the respective maxima in (31).
3) αβ Scheduling: Modifications of the BP policy have

been proposed to improve its latency performance. Thus, the
αβ link scheduling algorithm [35] computes, for each flow k
and direction X ∈ {UL,DL}, the quantities

V X
k (n) =

 ∑
l∈Nk\{1}

(QX
l,k(n))

α+1

(α+1)−1

(32)

and defines the link weights as

WX
l,k(n) =

(Vk(n))
β−α

(λX
k )β+1

∆QX,α
l,k (n), (33)

WX
l (n) = max

k:l∈Nk

WX
l,k(n), (34)

where α and β are positive parameters. Then, the αβ algorithm
proceeds similarly to BP, uses (30) to determine an optimal
action and serves the flows yielding the maximum weights.

4) Per-Neighbor Queuing: Both BP and αβ are intended
for networks with dynamic routing, where a packet flow can
use multiple routes chosen dynamically at each time step. Both
policies thus use per-flow queues in each node, which are
served when the corresponding links are activated. However,
it was shown in [37] that in networks with fixed routing,
which is the case considered here, per-neighbor queues can be
used instead of per-flow without notably degrading capacity
performance. The authors of [37] stress that per-neighbor
queuing, at the expense of a small loss in throughput, not only
improves implementation scalability of the control policy but
also substantially reduces the end-to-end packet latency.

The approach proposed in [37] suggests using the so called
shadow queues – per-flow virtual packet counters – along with
the per-neighbor queues storing real data packets. The shadow
queues are offered traffic with rates larger than the real ones by
a factor of 1 + ϵ for some small ϵ > 0. A throughput-optimal
policy uses the shadow queues to determine optimal control,
which is then applied to the real first-in first-out (FIFO) queues
regardless of the flows, so shadow packets are interpreted as
permits to transmit real packets.

In this work, we adopt the idea of using per-neighbor
FIFO queuing while determining the control via a throughput-
optimal policy based on per-flow backlogs.

B. Hybrid TLS+ Control

To combine the capacity gains provided by a throughput-
oriented policy with the ultra-low-complexity and latency
performance of TLS, for an IAB network with mixed traffic
we propose a hybrid control method as follows. It is assumed
that the IAB network controller can switch the nodes’ modes
in each time step and runs TLS by default. Whenever a node
detects a packet age beyond a threshold δ, it switches to a
dynamic throughput-oriented policy until the packet ages in
all buffers are again below the threshold.

Note that the proposed approach implies the implementation
in IAB of a dynamic throughput-oriented control policy such
as BP along with TLS. The feasibility of BP-like control
in IAB systems is due to the inherently distributed MT/DU
design of the IAB-nodes and donor, where the buffer maps
of the downstream nodes are explicitly signalled over the air
interface. Upstream transmission requirements can be incor-
porated to IAB-specific BAP protocol.

The parameter δ allows to adjust the trade-off between
computational efficiency and latency performance for work-
loads beyond the TLS stability region. In the next section, we
employ simulation to compare the considered control policies,
evaluate performance of hybrid TLS+BP and TLS+αβ and
investigate the impact of the threshold δ value.

VII. NUMERICAL RESULTS

In this section we will provide our numerical results. After
a brief description of the simulation setup and parameters, we
compare performance of dynamic link scheduling policies with
that of TLS. Then, we study the hybrid TLS+ approach and
the impact of its threshold δ.

The example IAB topologies considered in this section are
depicted in Fig. 10 and correspond to practical deployments
in city centers such as Manhattan-like grids, Fig. 10(a), and
along roads, Fig. 10(b). In what follows, they will be referred
to as topologies A and B, respectively.

It is assumed that the number of arriving packets of each
flow per time step follows Poisson distribution with mean
λUL
k = λ in uplink and λDL

k = 4λ in downlink, so the
network is downlink-dominated. The values of the other model
parameters are given in Table I based on [48], [49]. The values

TABLE I: Default system parameters.

Parameter Notation Value
Number of layers ν 8
Modulation order Qm 6
Overhead ω 0.18
Bandwidth, MHz B 200
Numerology µ 3
Code rate Rmax 948/1024
Resource blocks allocation NB,µ

PRB 132
OFDM symbol duration, s Tµ

smbl 10−3/(14×2µ)
Block error rate for LL pLL 0.01
Block error rate for BB pBB 0.1
Replication coding parameter for LL r 3
Prob. for a packet to be low-latency qLL 0.05
Packet transmission size, bytes σ 1500
Backhaul phase duration, ms h 1
αβ-scheduling policy parameters (α, β) (10, 25)
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Fig. 9: Backhaul latency characteristics as functions of λ under TLS, BP and αβ with per-flow (pf ) and per-neighbor (pn)
queuing in topologies A (the top row) and B (the bottom row). The plots to the left show the mean backhaul latency, the plots
in the center the 95th percentile, and the plots to the right the mean and the 95th percentile separately for LL and BB traffic.

in Table I yield the backhaul links capacities of approximately
540 packets per time step. LL traffic constitutes 5 % of the
total workload. The plots of this section show mean values
averaged over 10 simulation runs.

We consider two versions of the BP and αβ policies:
the throughput-optimal with per-flow (pf ) queuing and the
approximate with per-neighbor (pn) queuing as described in
Section VI-A4. The parameters of the αβ scheduling algorithm
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Fig. 10: Example topologies for numerical analysis.

have been set to provide a better latency performance in the
network of Fig. 10(a), namely, we let α = 10 and β = 25.

A. Latency Performance of BP, αβ, and TLS

The plots in Fig. 9 show the mean and the 95th percentile of
the backhaul latency as functions of the uplink flows’ arrival
rate λ. Note that in Fig. 9(a) and 9(d) we also indicate the
capacity regions of the considered systems. Recall that the
capacity region is defined as the range of the system load for
which the queues can be stabilized.

By analyzing the results presented in Fig. 9 one can first
observe that for the both considered topologies, A and B, TLS
yields the smallest latency among the studied policies for a
large range of λ. However, as TLS is not throughput-optimal,
its latency metric soars before that of the other policies, thus
indicating the boundary of the TLS stability region, which is
inferior to the capacity of the system. Nevertheless, for both
considered topologies the stability region of TLS, where it
outperforms other policies, is rather large. Specifically, for
topology A it is 75 % of the whole capacity region of the
system, whereas for topology B it is approximately 83 %.
Specifically, over these regions TLS outperforms BP-pf and
αβ-pf by approximately 70–100 % depending on the topology
in terms of the mean latency, and by 150–300 % in terms of
the 95th percentile. On the other hand, BP-pn and αβ-pn show
similar performance.

By examining the results further, we see that for the both
topologies the αβ algorithm with per-neighbor queuing (αβ-
pn) slightly outperforms BP-pn. This is why we use it as a
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Fig. 11: Performance metrics of TLS+ as functions of the threshold δ in topologies A (the top row) and B (the bottom row).
The plots to the left compare TLS+αβ and TLS+BP in terms of the mean backhaul latency (solid lines), its 95th percentile
(dotted lines) and the share of time steps when the dynamic policy is used instead of TLS (dashed lines against the right-hand
y-axis), for a single λ value. The plots in the center show the mean latency and the share of dynamic use under TLS+αβ for
several workload levels. The plots to the right assess TLS+αβ in terms of mean latency and its 95th percentile separately for
LL and BB traffic.

benchmark for TLS when analyzing latency per traffic type in
Fig. 9(c) and 9(f). For the most part, the latency performance
of αβ-pn is comparable to that of TLS. However, the latency
of LL traffic under TLS does not deteriorate as λ attains the
system’s capacity boundary and even beyond, which is not the
case for the dynamic policies. This fact and the extent of the
TLS stability region make this fixed policy a good candidate
for systems prioritizing LL traffic and employing an admission
control for the BB one.

B. Threshold δ of the Hybrid TLS+ Control

Having observed that the TLS control allows to minimize
the latency over 75–85 % of the system capacity for both types
of traffic, we now proceed investigating the dynamic hybrid
TLS+ control allowing to extend the stability region of TLS.
To this aim, we first assess the feasible range of the latency
threshold δ serving as a trigger between the fixed TLS and
the dynamic control component. Fig. 11 plots the backhaul
latency characteristics (left-hand y-axis) and the proportion
of time steps when the threshold is exceeded and thus the
dynamic policy is used instead of TLS (right-hand y-axis) as
a function of δ.

Fig. 11(a) and 11(d) detail the trade-off, for a given work-
load level, between the gain in computational efficiency indi-
cated by the proportion of the dynamic policy use (dashed lines
against the right-hand y-axis) and the latency performance.
Note that the workload levels given by λ are fixed outside the
stability region of TLS but inside the capacity region of the

system, see Fig. 9. We observe that the range, where variation
of δ significantly affects the computational performance of
TLS+ is rather short, e.g., if we look at TLS+αβ in Fig. 11(a),
for δ ≤ 7 TLS is not used at all, for 8 ≤ δ ≤ 10 the use
of TLS increases dramatically without latency performance
degradation, and for 11 ≤ δ ≤ 14 the use of TLS still increases
gradually, but the latency grows as well. An increase of δ
beyond 14 does not provide any gain in TLS use but results
in further degradation of latency performance.

In Fig. 11(a) and 11(d) we compare two policies, TLS+BP
and TLS+αβ, both with pn queuing. In our setup the action
selection time for TLS averages at approximately 7 × 10−7,
whereas for BP it amounts to 2 × 10−3 and 6.2 × 10−4,
respectively, for topologies A and B, and for αβ to 2.2×10−3

and 8.2× 10−4. It can be observed that TLS+αβ outperforms
TLS+BP in both topologies in terms the dynamic policy use
percentage as well as latency. For this reason the remaining
plots of Fig. 11 show results for TLS+αβ only.

Fig. 11(b) and 11(e) reveal that the range of δ where its
variation significantly impacts performance does not change
with the workload level. For λ in the stability region of TLS
the use of TLS can be brought to 100 % without degrading
latency performance. However, for λ outside the TLS stability
region the use of the dynamic policy cannot be brought below
a certain level, which increases as λ approaches the boundary
of the system capacity.

Fig. 11(c) and 11(f) investigate the impact of δ on the
latency metrics per traffic type. It can be observed that once
δ stops affecting the proportion of TLS use, it also stops

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2025.3570333

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



13

0 10 20 30 40
UL arrival rate , packets per time step

0.0

0.2

0.4

0.6

0.8

1.0
S
h
a
re

 o
f 

d
y
n
a
m

ic
 p

o
lic

y
 u

se

TLS

-pn

=
6

= 8

= 10

=
1
2

(a) Share of αβ use instead of TLS, top. A

0 10 20 30 40
UL arrival rate , packets per time step

3

4

5

6

7

8

9

10

11

P
a
ck

e
t 

la
te

n
cy

, 
ti

m
e
 s

te
p
s

= 6 AVG

= 6 p95

= 8 AVG

= 8 p95

= 10 AVG

= 10 p95

= 12 AVG

= 12 p95

TLS AVG

TLS p95

-pn AVG

-pn p95

(b) Mean latency and its 95-th perc., top. A

0 10 20 30 40
UL arrival rate , packets per time step

2.5

3.0

3.5

4.0

4.5

5.0

P
a
ck

e
t 

la
te

n
cy

, 
ti

m
e
 s

te
p
s

TLS LL

TLS BB

-pn LL

-pn BB

= 6 LL

= 8 LL

= 10 LL

= 12 LL

= 6 BB

= 8 BB

= 10 BB

= 12 BB

(c) Mean latency per traffic type, top. A

0 5 10 15 20 25
UL arrival rate , packets per time step

0.0

0.2

0.4

0.6

0.8

1.0

S
h
a
re

 o
f 

d
y
n
a
m

ic
 p

o
lic

y
 u

se

TLS

-pn

=
8

= 10

= 12

=
1
5

(d) Share of αβ use instead of TLS, top. B

0 5 10 15 20 25
UL arrival rate , packets per time step

4

5

6

7

8

9

10

11

12

13

P
a
ck

e
t 

la
te

n
cy

, 
ti

m
e
 s

te
p

s

= 8 AVG

= 8 p95

= 10 AVG

= 10 p95

= 12 AVG

= 12 p95

= 15 AVG

= 15 p95

TLS AVG

TLS p95

-pn AVG

-pn p95

(e) Mean latency and its 95-th perc., top. B

0 5 10 15 20 25
UL arrival rate , packets per time step

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

P
a
ck

e
t 

la
te

n
cy

, 
ti

m
e
 s

te
p
s

TLS LL

TLS BB

-pn LL

-pn BB

= 8 LL

= 10 LL

= 12 LL

= 15 LL

= 8 BB

= 10 BB

= 12 BB

= 15 BB

(f) Mean latency per traffic type, top. B

Fig. 12: Performance metrics of TLS+αβ as functions of λ for several values of δ in topologies A (the top row) and B (the
bottom row). The metrics under TLS and αβ-pn are provided for comparison. The plots to the left show the proportion of
time steps when a dynamic policy is used instead of TLS. The plots in the center show the mean backhaul latency and its
95th percentile. The plots to the right present the mean backhaul latency per traffic type.

affecting the LL traffic performance and only the performance
of BB traffic gets degraded further. Indeed, a further increase
of δ for workloads beyond the stability region of TLS makes
packets accumulate in some queues until their age reaches
the threshold value, after which these queues get unloaded
by a dynamic policy so that the packet age is again below the
threshold. The accumulation of packets affects performance of
BB traffic, while the control adjustment to unload the affected
queues impacts LL traffic.

C. Performance of the TLS+αβ Control
We are now in position to explore the performance of the

identified best control, TLS+αβ. To this aim, Fig. 12 plots
performance metrics of TLS+αβ as functions of λ for several
values of δ. The metrics under standalone TLS and αβ-pn are
provided for comparison. Specifically, Fig. 12(a) and 12(d)
show the proportions of dynamic policy use for topologies A
and B, respectively. As we may observe for both topologies,
if the workload level is in the TLS stability range, δ can be
chosen such that the dynamic policy is used rarely.

By analyzing the results presented in Fig. 12(b) and 12(e),
we see that, whatever the threshold δ in TLS+αβ, the mean
backhaul latency and its 95th percentile stay low and at the
level of TLS for λ in the TLS stability region. However,
for higher workloads, smaller δ yield lower latencies. Such a
behaviour is, however, unavoidable as the system approaches
the overloaded regime.

Finally, Fig. 12(c) and 12(f) plot the mean backhaul latency
per traffic type. It can be observed that the αβ algorithm and

TLS+αβ with small δ yield slightly larger latency for both
traffic types under light workloads. Then, for the remainder of
the TLS stability region the performance of the studied policies
is similar. Finally, for workload levels beyond the TLS stability
region αβ and TLS+αβ yield similar latency performance for
LL traffic, whereas for BB TLS+αβ with larger δ result in
higher latency. Thus, we conclude that the hybrid TLS+ is
needed mainly to control the latency of low-priority BB traffic.

VIII. CONCLUSIONS

Motivated by the need for a simple yet efficient link
scheduling policy for half-duplex IAB systems which would
reconcile the requirements of multiple traffic types, we have
proposed the hybrid TLS+ control. By default, TLS+ operates
in latency-oriented mode by utilizing the proposed fixed TLS
policy which does not require signaling and minimizes the
latency in low-to-moderate system load conditions. Whenever
the packet age in the network attains a customizable threshold
δ, the control switches to a more computationally challenging
throughput-oriented dynamic policy capable of adapting to
traffic bursts and unbalances. Depending on implementation
needs, the dynamic policy in TLS+ can be chosen throughput-
optimal, in order to exploit the full capacity region of the
system, or reduced-complexity. The range of the threshold
δ where its variation notably affects control performance is
rather short and easy to expose.

The proposed TLS+ link scheduling represents a ready-to-
use resource allocation solution at the level of link activa-
tion patterns. To fully exploit its benefits in practical IAB
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deployments, it should be complemented with an efficient
distributed yet coordinated packet-level scheduling of activated
links, which is subject to future research.
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