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ABSTRACT OF THE THESIS
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Millimeter-wave integrated access and backhaul (IAB) enables dense wireless deployments

by allowing access and backhaul links to share spectrum. Full-duplex operation can further

improve spectral efficiency and reduce delay, but self-interference makes its practical scheduling

problem challenging. In full-duplex IAB networks, each node must coordinate multiple

antenna panels whose simultaneous transmissions affect receivers, making link rates schedule-

dependent.

This thesis studies scheduling for full-duplex mmWave IAB networks under self-interference.

We formulate the scheduling problem as a maximum-weight optimization over a multi-hop

IAB tree and develop a forward–backward dynamic programming algorithm that computes the

throughput-optimal schedule with nearly linear complexity. We also propose FD-LocalMW-

BP, a local max-weight scheduler only based on local information. FD-LocalMW-BP learns

effective backhaul-downlink weights during an estimation phase and reuses them during

deployment to approximate unobservable self-interference-dependent rates.

We prove stability of the centralized back-pressure policy and derive a stability condition

for FD-LocalMW-BP. Simulations show that FD-LocalMW-BP approaches global scheduling

performance while substantially reducing control overhead, especially in self-interference-

limited regimes.
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Chapter 1

Introduction

1.1 Background and Motivation

The growth of mobile data traffic, driven by immersive media, vehicular communication, and

machine-to-machine connectivity, has placed steady pressure on cellular networks to deliver

both higher capacity and broader coverage [2]. Millimeter-wave frequencies have become a

cornerstone of fifth-generation and beyond systems because of their abundant spectrum and

their support for highly directional transmission. The narrow beams of dense millimeter-wave

(mmWave) arrays isolate users in space, suppressing user-to-user interference and enabling

the aggressive spectral reuse that was not available at sub-6GHz frequencies [13, 20].

Realizing mmWave at scale is held back by the cost of dense fiber backhaul. Integrated

Access and Backhaul (IAB) addresses this by reusing the same mmWave spectrum for both

user access and inter-node backhaul, so an operator can extend coverage by adding self-

backhauled relay nodes instead of laying fiber. 3GPP standardized IAB in Releases 16

and 17 [1,12], and the resulting multi-hop topologies, in which infrastructure nodes act at

once as base stations and as wireless relays, are now a baseline assumption in mmWave

network design.

The multi-hop structure that makes IAB attractive also creates its central difficulty.
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Traffic for a deep node is relayed hop by hop along the backhaul, so a node near the donor

must carry not only its own access traffic but the aggregated traffic of its entire subtree. As

the tree grows, the backhaul links closer to the donor see proportionally more packets, and

the load they must clear scales with the size of the subtree they feed. Whether the network

remains stable therefore depends on how efficiently each node divides its radio resources

between serving its own users and relaying traffic deeper into the tree.

A promising way to raise this efficiency is full-duplex (FD) operation, in which a node

transmits and receives at the same time and frequency. An IAB node that can receive

backhaul on one sector while transmitting access on another no longer wastes a slot waiting

for the opposite direction, which directly relieves the relaying bottleneck above. Recent

progress in self-interference cancellation, combining antenna isolation, analog and digital

cancellation, and the spatial isolation of mmWave beamforming, has made FD operation

practical enough to consider at the network layer [15, 23].

Two structural features of real mmWave base stations are often left out of scheduling

models but turn out to be decisive here. First, these base stations are sectorized, hosting

several antenna panels that point in different directions, so a node can run several links at

once rather than a single transmit or receive beam [13]. Second, the cancellation of self-

interference is never perfect, so when one panel transmits while another receives, a residual

self-interference couples the two and lowers the rate of the receiving link by an amount that

grows with the number of co-active transmit panels [14]. A scheduler that ignores either the

multiple panels or the residual coupling between them does not describe the system it is

meant to control.

The open problem, then, is link scheduling for a sectorized, full-duplex, multi-hop IAB

network under residual self-interference. In each slot the scheduler must decide, across all

panels of every node, which links transmit and which receive, with the rate of each receive

link depending on how many panels at the same node transmit, and with decisions at one

node propagating as load to the next.
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1.1.1 Literature Reviews

Prior scheduling work for IAB and related mmWave networks leaves this problem open along

five axes.

First, most models treat each node as carrying a single transmit or receive beam and do

not represent the multiple panels of a sectorized base station, so they cannot express the

choice of how many panels to commit to backhaul against access in a given slot.

Second, the studies that do consider full-duplex operation largely assume self-interference

away. [22] designs separate FD and HD schedulers under ideal cancellation, [21] admits FD

only under a no-interference model, and [5] proves throughput optimality for heterogeneous

HD and FD networks but again assumes perfect cancellation and a single-hop topology.

Because full-duplex is treated as interference-free, none of these can capture how residual

self-interference shapes the decision.

Third, much of the literature retains the half-duplex assumption altogether [3, 9, 17,24],

in which a node transmits or receives but never both, and so forgoes the concurrency that

motivates a sectorized full-duplex design in the first place.

Fourth, the throughput-optimal baseline for multi-hop networks, back-pressure scheduling,

achieves its guarantee by propagating queue and channel state across the entire tree every

slot [19]. The cost of this information is rarely accounted for, yet a centralized scheme that

gathers global state in each slot scales poorly as the network grows, and the unobservable

backhaul rate that a local scheme would need is exactly the quantity such global state was

supplying.

Fifth, the uplink direction is frequently omitted, even though backhaul and access carry

traffic in both directions and the self-interference coupling constrains uplink and downlink

jointly at every node.

These gaps motivate a scheduler for a sectorized full-duplex multi-hop IAB network in

which residual self-interference is modeled, the cost of global information is taken into account,

and both traffic directions are scheduled.
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1.2 Contributions

This thesis develops a scheduling framework for FD-IAB networks comprising a global-

information policy, a local policy, and a stability analysis of both. The main contributions

are as follows.

Distributed dynamic programming scheduler. We develop a distributed throughput-

optimal scheduler for FD-IAB that accounts for the self-interference each receive link suffers.

We solve it with a forward-backward dynamic programming algorithm that returns the

optimal schedule in very low complexity, almost linear in the number of links.

Local scheduler. We design FD-LocalMW-BP, a local scheduler that replaces the exchange

of global state with estimated backhaul rate based on a global policy. We show that the

proposed policy achieves most of the stability region.

Empirical evaluation. A numerical study reveals that full-duplex scheduling sustains a

far larger load than half-duplex. The proposed local policy attains a delay close to that of

schedulers that use global information, while relying only on local information.

1.3 Organization

The remainder of this thesis is organized as follows. Chapter 2 reviews the technical

background, including full-duplex operation, the per-link rate model under residual self-

interference, and the queueing-theoretic preliminaries that underlie the analysis. Chapter 3

develops the FD-IAB scheduling framework. It formulates the per-slot maximum-weight

problem, presents the dynamic programming solution, introduces the local scheduler FD-

LocalMW-BP with its estimation phase, and establishes stability of both policies through

fluid-model arguments. Chapter 4 reports numerical experiments comparing the schedulers

across arrival rate, tree depth, and self-interference. Chapter 5 concludes and discusses

directions for future work.
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Chapter 2

Background

This chapter reviews the technical background for the rest of the dissertation. Section 2.1 in-

troduces full-duplex operation, the self-interference it creates, and the per-link rate model that

captures residual self-interference after cancellation. Section 2.2 collects the queueing-theoretic

preliminaries used in the stability analysis, namely the notions of stability and stability region,

the Lyapunov drift method, the Foster-Lyapunov criterion, and the MaxWeight policy.

2.1 Full-Duplex Operation and Self-Interference

A wireless transceiver operates in full-duplex (FD) mode when it transmits and receives on

the same frequency band at the same time, in contrast to half-duplex (HD) mode where

transmission and reception are separated in time or frequency. An idealized FD link doubles

the spectral efficiency of an HD link by carrying both directions over the same radio resources.

The obstacle to realizing this gain is self-interference (SI), the leakage of the transmit signal

of a node into its own colocated receive chain. Because the transmit and receive antennas

are separated by only centimeters, the SI power can exceed the desired signal from a remote

node by many orders of magnitude. Measurements at 28 GHz report interference-to-noise

ratios from 0 to 40 dB, and worst-case values in practical transceivers can reach 90 dB when

no mitigation is applied [14,15]. Self-interference cancellation (SIC) suppresses this leakage
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through a combination of passive isolation, analog cancellation, and digital cancellation, and

at mmWave frequencies the directionality of large arrays adds a spatial degree of freedom,

since transmit and receive beams can be shaped to be nearly orthogonal through the SI

channel [15]. These techniques reduce SI by tens of dB but never remove it entirely. Hardware

nonlinearities, finite receiver dynamic range, and channel-estimation error leave a residual SI

component, so the realizable benefit of FD depends on how this residual is managed rather

than on its idealized removal.

2.1.1 Rate Model under Residual Self-Interference

The IAB node studied in this dissertation hosts multiple antenna panels, several of which

may transmit while another panel on the same node receives. Each transmit panel couples

into the receive panel through its own SI channel, and because the transmit streams across

panels are independent and zero-mean, the residual SI power at the receiver is the sum of the

per-panel contributions. Normalizing by the noise power and absorbing the geometry and

beam-design constants of each panel into a single per-panel quantity INRℓ, the aggregate

interference-to-noise ratio at the receiver of link ℓ scales linearly with the number of co-active

transmit panels,

INRtotal
ℓ = mℓ · INRℓ, (2.1)

where mℓ is the number of transmit-mode panels active alongside the receive panel on the

same node. This linear scaling is the foundation of the per-link rate model used throughout

the dissertation. Each additional co-active transmit panel adds one unit of INRℓ to the SINR

denominator, so the instantaneous rate Rℓ(s, t) of a receive link decreases in mℓ, and the

scheduling problem is the task of choosing how many panels to activate in transmit given

this penalty.
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2.2 Preliminaries

This section collects the queueing-theoretic results used in the stability analysis of Chapter 3.

We follow the standard treatment of [7, 11, 19]. Let q(t) = (q1(t), . . . , qF (t)) be the queue

state of a network with F flows, evolving as qf(t + 1) = (qf(t) − µπ
f (t) + λf(t))

+ under a

scheduling policy π, where λf (t) is the arrival process and µπ
f (t) the offered service.

Definition 1 (Stability). A flow with queue length q(t) is strongly stable under a policy π if

lim sup
T→∞

1

T

T−1X

t=0

Eπ[q(t)] < ∞. (2.2)

A network is stable under π if every flow in it is strongly stable, equivalently if the Markov

chain on the joint queue state q(t) is positive recurrent with a stationary distribution of finite

first moment.

Strong stability implies a bounded long-run average queue and, by Little’s law, a bounded

long-run average delay.

Definition 2 (Stability region). The stability region C of a network is the set of arrival-rate

vectors for which some scheduling policy stabilizes the network,

C := {λ : ∃ π stabilizing under λ }. (2.3)

A policy is throughput-optimal if it stabilizes every λ in the interior of C.

The Lyapunov drift method reduces a stability question to a per-slot inequality on the

queues. For the quadratic Lyapunov function

V (q) =
1

2

FX

f=1

q2f , (2.4)
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which is non-negative and zero only at the empty state, the one-step drift under π is

∆V (q) := Eπ[V (q(t+ 1))− V (q(t)) | q(t) = q]. (2.5)

Expanding the quadratic and substituting the queue update yields the standard bound

∆V (q) ≤ B −
X

f

qf (µ
π
f − λf ), (2.6)

where µπ
f is the expected service rate of flow f under π and B is a constant bounded by the

second moments of the arrival and service processes.

Theorem 1 (Foster-Lyapunov criterion). Let {q(t)} be a Markov chain and V a non-negative

function. If there exist a finite set S0 and constants ϵ, B ′ > 0 such that

∆V (q) ≤ −ϵ for all q /∈ S0, (2.7)

and ∆V (q) ≤ B′ for q ∈ S0, then the chain is positive recurrent [10, Theorem 14.1.5].

Combining Theorem 1 with (2.6) reduces stability to a per-flow rate condition. If the

offered service satisfies µπ
f > λf for every flow, the negative drift term eventually dominates

the constant B and the network is stable.

Definition 3 (MaxWeight policy). In a single-hop network, the MaxWeight policy chooses,

in each slot, the feasible service-rate vector that minimizes the right-hand side of (2.6) given

the current queues,

πMW(q) = arg max
µ∈Conv(S)

X

f

qf · µf , (2.8)

where S is the set of feasible service-rate vectors and Conv(·) its convex hull.

Theorem 2 (Throughput optimality of MaxWeight). The MaxWeight policy of Definition 3

is throughput-optimal. It stabilizes every arrival-rate vector in the interior of the stability

region C [19].
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Table 2.1: Notation: topology, nodes, panels, time.

Symbol Meaning

t Discrete time slot index
T Simulation horizon (slots)
Ts Slot duration (seconds)
BW Bandwidth (Hz)
PKT Packet size (bits)
G Directed tree representing the IAB network
B Set of IAB nodes (gNBs)
U Set of User Equipments (UEs)
r Donor gNB (root of G)
N Total number of IAB nodes (N = |B|)
n IAB node index
pr(n) Parent IAB of node n
C(n) Set of children of node n
Tn Subtree rooted at n
Pn Number of panels at IAB n
Pn Panel set of IAB n, {P 1

n , . . . , P
Pn
n }

P 1
n Panel of n serving parent-backhaul link bn

P Set of all panels in the network,
S

n∈B Pn

I(p) IAB node hosting panel p
k Panel index

The FD-LocalMW policy developed in Chapter 3 builds on this framework. It replaces

the unobservable backhaul-downlink rate in the MaxWeight rule with an estimated weight

and applies the same drift argument in the resulting partially observed setting.

2.3 Notation and Conventions

Throughout the dissertation, we use the conventions summarized in Tables 2.1–2.4:

Vectors are bold-face: q,λ. The positive-part operator (x)+ := max(0, x) is used through-

out. Expectations are with respect to the joint distribution of arrivals, channel fading, and

any randomization in the policy. Where disambiguation is needed, Eπ denotes expectation

under policy π.
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Table 2.2: Notation: links, scheduling, capacity.

Symbol Meaning

L Link set of the network
ℓ Link index
A(ℓ), D(ℓ) Source / destination of link ℓ
LUL, LDL Uplink / downlink links
LAC, LBH Access / backhaul links
bn Parent-backhaul link of IAB n (from pr(n) to n)
Ln Links incident to a panel of IAB n
LTX

n , LRX
n TX-role / RX-role links at IAB n

LAC
n Access links incident to IAB n

Ln,k Links hostable on panel k of IAB n
sℓ(t) Schedule indicator of link ℓ in slot t
s(t) Activation vector (sℓ(t))ℓ∈L
S Set of feasible activation vectors
mℓ(s, t) SI count: TX panels active at I(D(ℓ)) in slot t
SNRℓ Signal-to-noise ratio on link ℓ
INRℓ Per-panel interference-to-noise ratio at receiver of ℓ
Rℓ(s, t) Instantaneous capacity of ℓ (packets/slot)
µ, µℓ Channel state vector, channel rate on link ℓ
πµ Stationary distribution of µ
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Table 2.3: Notation: flows, queues, weights, DP messages.

Symbol Meaning

F Flow set
f Flow index
src(f), dst(f) Source / destination node of flow f
Fℓ Flows traversing link ℓ
Λext

f (t) Exogenous arrivals to flow f in slot t
λext
f Mean exogenous arrival rate of flow f

ν, νℓ Per-link arrival rate vector and its components
qfn(t) Queue length of flow f at node n, slot t
dfn(t) Flow-f packets departing node n in slot t
Qℓ(t) Aggregate per-link queue,

P
f∈Fℓ

qfA(ℓ)(t)

wℓ Weight of access-DL link ℓ
w̄ℓ(m) Weight of access-UL link ℓ at SI level m
wDL

bn
(m) Weight of BH-DL on bn at SI level m

wUL
bn

(mpr(n)) Weight of BH-UL on bn at SI level mpr(n) of the parent
νT
n,ℓ DP message: best subtree weight when n transmits on ℓ
νR
n,ℓ(m) DP message: best subtree weight when n receives on ℓ at SI level m
νIDLE
n,ℓ DP message: best subtree weight when n turns off ℓ
νT
n,k DP message at panel level, panel k in TX mode
νR
n,k(m) DP message at panel level, panel k in RX mode at SI level m
νIDLE
n,k DP message at panel level, panel k idle
νT
n DP message at node level, pr(n) transmits to n on bn
νR
n DP message at node level, pr(n) receives from n on bn
νIDLE
n DP message at node level, bn idle
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Table 2.4: Notation: stability, modes, local policy, fluid model.

Symbol Meaning

Λ Global stability region
Λloc Local stability region (achievable by local policies)
θn Mode of node n: T -m (BH-DL RX with m co-TX) or ϕ (BH idle)
Mn Mode set of node n
Sn(θn) Per-mode feasible activation set at n
ST,m
n , SIDLE

n Feasible sets in Mode T -m and Mode ϕ
Rbn(θn,µn) BH-DL rate of bn in mode θn, channel µn

µ̂bc Estimated BH-DL weight (conditional mean rate under BP)
ρn Total Mode T fraction at node n
αn(m,µn) Joint mode–channel fraction (LP variable)
yT,mn,ℓ (µn) Within-mode activation fraction in Mode T -m (LP variable)
yIDLE
n,ℓ (µn) Within-mode activation fraction in Mode ϕ (LP variable)
τ Continuous time in the fluid model
q̄ℓ(τ) Fluid-scaled queue length
ϵtrain Training estimation error of µ̂
gn Per-node information gap
ϵ⋆(ν) Critical shrinkage of FD-LocalMW at reference load ν
V (q) Lyapunov function
∆V Lyapunov drift
(·)+ max(0, ·)
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Chapter 3

Full-duplex Integrated Access Backhaul

Scheduling

3.1 System Model

3.1.1 Tree, Nodes, Panels

We consider a full-duplex IAB network represented by a directed tree G = (B ∪ U ,L, r),

where B = {1, . . . , |B|} is the set of IAB nodes (gNBs), U = {1, . . . , |U|} is the set of User

Equipments (UEs), and r ∈ B is the donor gNB at the root. For every non-root IAB

b ∈ B \ {r}, pr(b) denotes its parent and ch(b) ⊂ B ∪ U its children. Each IAB i ∈ B carries

a fixed set of analog-beamforming panels

Pi := {pi,1, pi,2, . . . , pi,|Pi|}, (3.1)

and we write P :=
S

i∈B Pi for the set of all panels in the network. The map I : P → B

returns the IAB hosting a given panel, so p ∈ PI(p) by construction. We assume that all

panels within a single IAB are physically identical and have the same SI level. Due to the

high directivity of the mmWave beams used at access frequencies, we further assume that the

15



Class Endpoints (A(ℓ) → D(ℓ)) SI at receiver?

LAC ∩ LDL IAB panel → UE no
LAC ∩ LUL UE → IAB panel yes
LBH ∩ LDL parent IAB panel → child IAB panel yes
LBH ∩ LUL child IAB panel → parent IAB panel yes

Table 3.1: Four physical link classes induced by the joint direction/access partition of L.
Only the AC-DL class has a UE receiver and is therefore SI-free; the other three classes
terminate at an IAB panel and are exposed to in-IAB SI.

coverage area of any panel is disjoint from that of every other panel in the network, so that

intended-link interference between distinct panels can be neglected.

3.1.2 Links and their Orientation

A link is an ordered pair ℓ : A(ℓ) → D(ℓ) with source node A(ℓ) and destination node D(ℓ),

where A(ℓ), D(ℓ) ∈ U ∪P . The source emits a beamformed signal and the destination receives

it. The full link set L admits two independent partitions,

L = LUL ∪ LDL (direction), (3.2)

= LAC ∪ LBH (access and backhaul), (3.3)

the first separating uplink from downlink user-plane traffic and the second separating access

links (one UE endpoint) from backhaul links (both endpoints are IAB panels). In the tree,

downlink links point away from the root and uplink links point toward the root. The four cells

of the joint partition correspond to the four physical link classes summarized in Table 3.1.
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3.1.3 Link Decomposition

For an IAB i ∈ B, let Li ⊆ L denote the subset of links incident on a panel of i. We further

split Li by the role i plays in the link:

Li = LTX
i ∪ LRX

i ,
LTX

i := { ℓ ∈ Li : A(ℓ) ∈ Pi },

LRX
i := { ℓ ∈ Li : D(ℓ) ∈ Pi }.

(3.4)

A link ℓ belongs to LTX
i if it is transmitted by a panel of i, and to LRX

i if it is received by a

panel of i. This decomposition determines the SI geometry: a panel in RX mode at IAB i

experiences self-interference only from the concurrently active TX-mode panels of the same

IAB i.

3.1.4 Scheduling Variable and the SI count

We adopt a slotted-time model with slots indexed by t ∈ Z+. At each slot, the scheduler

selects a binary activation

sℓ(t) ∈ {0, 1}, ℓ ∈ L, (3.5)

where sℓ(t) = 1 indicates that link ℓ is scheduled in slot t. We collect s(t) := (sℓ(t))ℓ∈L.

The SI count mℓ is the number of TX-mode panels at the receiver IAB of link ℓ that are

simultaneously active:

mℓ(s, t) :=
X

ℓ′∈LTX
I(D(ℓ))

sℓ′(t), ℓ ∈ L \ (LAC ∩ LDL), (3.6)

On access-downlink links ℓ ∈ LAC∩LDL, the receiver D(ℓ) is a UE (no co-located TX panels),

so mℓ ≡ 0. When node n operates in Mode T with TX count m, the BH-DL link bn has

mbn = m.
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3.1.5 Link Capacity

Given the SI count mℓ(s, t), the instantaneous capacity of link ℓ in slot t is

Rℓ(s, t) =
BW · Ts

PKT
log2

�
1 +

SNRℓ(t)

1 +mℓ(s, t) · INRℓ

�
, (3.7)

in packets per slot, where BW is the bandwidth, Ts the slot duration, PKT the packet size in

bits, SNRℓ the signal-to-noise ratio on link ℓ, and INRℓ the per-panel interference-to-noise

ratio at the receiver of ℓ.

3.1.6 Flows and Queueing Dynamics

Flows Traffic in the network is organized into flows. A flow f ∈ F is the ordered path of

nodes connecting a source src(f) to a destination dst(f) in the tree. The flow set partitions

by direction,

F = FUL ∪ FDL, (3.8)

where uplink flows f ∈ FUL originate at a UE (src(f) ∈ U) and terminate at the donor

(dst(f) = r), and downlink flows f ∈ FDL reverse the roles (src(f) = r, dst(f) ∈ U). Because

G is a tree, each flow’s path is uniquely determined by its endpoints. We write ℓ ∈ f when

link ℓ lies on flow f ’s path, and define Fℓ := {f ∈ F : ℓ ∈ f} as the set of flows traversing

link ℓ.

Queues Each node n ∈ B ∪ U participating in flow f maintains a separate buffer with

instantaneous queue length qfn(t), with qfn(t) ≡ 0 for n /∈ f . Packets arrive exogenously only

at the source of each flow: the external arrival to flow f at src(f) is

Λext
f (t)

i.i.d.∼ Poisson

λext
f

�
, λext

f := E
�
Λext

f (t)
�
. (3.9)
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We denote by dfn(t) ∈ Z+ the number of flow-f packets that depart node n in slot t. Since

each node has a unique outgoing link on flow f ’s path, dfn(t) is delivered on exactly that link

and is jointly determined by the activation sℓ(t) of the outgoing link, its link capacity Rℓ(s, t)

from (3.7). The aggregate served on link ℓ obeys the capacity constraint

X

f∈Fℓ

dfA(ℓ)(t) ≤ Rℓ(s, t) · sℓ(t), (3.10)

which couples queue evolution to the activation vector s(t) defined in Section 3.1.1.

Queue evolution For the root r and a non-root IAB b ∈ B \ {r}, the per-flow queue

update is

qfr (t+ 1) =

qfr (t)− dfr (t)

�+
+





X

c∈ch(r)∩f
dfc (t), f ∈ FUL,

Λext
f (t), f ∈ FDL,

(3.11)

qfb (t+ 1) =

qfb (t)− dfb (t)

�+
+





X

c∈ch(b)∩f
dfc (t), f ∈ FUL,

dfpr(b)(t), f ∈ FDL.

(3.12)

The negative term dfn(t) in each equation is the service drained from node n on its outgoing

link in slot t, while the positive term collects the inflow: an external Poisson arrival when

n is the flow’s source, or the service that completed in slot t on the incoming link from n’s

parent (downlink case) or its child on f ’s path (uplink case). The sum-over-children in the

uplink case contains at most one nonzero term, since f traverses a unique child of n. A UE

u ∈ U at the source of an uplink flow obeys the recursion of (3.12) with the sum-of-children

term replaced by Λext
f (t). The projection (·)+ := max(·, 0) guards against the scheduler

over-allocating service on an empty queue.
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Aggregate Queue The scheduling and stability analysis of Chapter 3 operates on the

aggregate per-link queue, defined for each link ℓ as the total backlog at its source node summed

across the flows that traverse ℓ:

Qℓ(t) :=
X

f∈Fℓ

qfA(ℓ)(t). (3.13)

Qℓ(t) is the workload that link ℓ is competing to serve in slot t. And define the arrival rate

per flow as:

λℓ := lim
T→∞

1

T

T−1X

t=0

E[Λℓ(t)] =
X

f∈Fℓ

λext
f , (3.14)

Maximum Weighted Schedule in IAB Network A wide class of scheduling policies

for queueing networks reduces, in each slot, to a maximum-weight optimization over the

activation vector. Given a per-link weight wℓ(t) on every link ℓ ∈ L, the schedule is chosen by

s(t) ∈ argmax
s∈S

X

ℓ∈L
wℓ(t) sℓ(t), (3.15)

where S ⊆ {0, 1}|L| is the set of activation vectors satisfying the per-panel feasibility constraint

of Section 3.1.1. [19] introduced the MaxWeight framework, in which the schedule maximizes

the weighted sum (3.15) each slot. Their original formulation uses the per-flow differential

backlog wℓ(t) := Rℓ(s, t)maxf∈Fℓ
(qfpr(n)(t)− qfn(t)) and is throughput-optimal for multi-hop

networks, the policy commonly called back-pressure. A simpler variant replaces the differential

with the aggregate per-link queue, taking wℓ(t) := Qℓ(t)Rℓ(s, t). We refer to the former as

the back-pressure policy (Section 3.1.8) and the latter as the MaxWeight policy (Section 3.1.9).

A central feature of the FD-IAB instance of (3.15) is that the weight on link ℓ is not

given a priori. Through the capacity Rℓ(s, t), it depends on the schedule only through the

transmit count mℓ(t) of (3.6), the number of transmitting panels at the IAB receiving ℓ,

wℓ(t) = wℓ


mℓ(t), t

�
. (3.16)
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Switching one more panel of that IAB from idle to transmit raises mℓ, lowers Rℓ, and so

changes wℓ, hence the objective in (3.15) is not separable over the links incident on a single

IAB.

Solving (3.15) is the computational core of every scheduling policy in this class. In this

chapter, we develop a forward–backward dynamic-programming algorithm that obtains the

maximum-weighted schedule in O(|L|) time despite the within-IAB weight coupling described

above.

A dynamic-programming approach of similar flavor is known for finding a maximum-

weighted independent set on a tree [4], but two structural features of the FD-IAB problem

set our instance apart from that classical recursion. The first is the multi-panel structure: at

each IAB i, up to |Pi| panels may be active concurrently, so the DP sub-problem at the node

is not a binary include/exclude choice over a single vertex but the selection of a subset of links

of cardinality at most |Pi| from a candidate set Li. The second is the schedule-dependent

weight (3.16) introduced by full-duplex operation: even after fixing which subset of links

to activate, the contribution of each link to the objective must be recomputed under the

SI count induced by the subset itself, since no link’s wℓ is fixed until s−ℓ is fixed. The two

effects together turn the per-IAB DP sub-problem into a combinatorial optimization with

schedule-dependent costs, for which we provide an optimal greedy algorithm with running

time almost linear in |Pi| (Section 3.1.6).

Given the link weights, the weight wℓ(mℓ, t) of each link depends on the schedule only

through the SI count mℓ of (3.6), the number of transmitting panels at the IAB receiving ℓ.

For every non-leaf node n ∈ B ∪ U , let Gn be the sub-tree of G induced by n and its
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descendants and let Ln be its links. The maximum-weight program restricted to Gn is

max
s

X

ℓ∈Ln

wℓ


mℓ, t

�
sℓ (3.17)

s.t.
X

ℓ∈Lp

sℓ ≤ 1, ∀ p ∈ Pi, ∀ i ∈ B ∩ Gn, (3.18)

sℓ ∈ {0, 1}, ∀ ℓ ∈ Ln, (3.19)

where Lp := {ℓ ∈ L : A(ℓ) = p or D(ℓ) = p} is the set of links touching panel p.

Flows, Routes, and Arrival Rates Let F denote the set of flows. Each flow f ∈ F

originates at the root (donor) and is destined for a specific UE served by access link ℓf ∈ A

at some node nf . The flow’s route path(f) is the unique sequence of links from root to ℓf

through the tree:

path(f) = (bn1 , bn2 , . . . , bnf
, ℓf ), (3.20)

where bn1 , . . . , bnf
are the BH-DL links traversed from root to node nf , and ℓf is the final

access link. Since the topology is a tree, each flow’s route is unique.

External packets for flow f arrive at the root as an i.i.d. process with mean νf packets

per slot and finite second moment:

E[Af (t)] = νf , E[(Af (t))2] < ∞, i.i.d. across t, independent across f. (3.21)

The flow arrival rate vector ν := (νf )f∈F parametrizes the traffic demand. The per-link

arrival rates are induced by ν:

νℓ :=
X

f∈F : ℓf=ℓ

νf , for each access link ℓ ∈ A, (3.22)

νbn :=
X

f∈F : bn∈path(f)
νf , for each BH-DL link bn. (3.23)
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By the tree structure, νbn =
P

ℓ∈subtree(n) νℓ: the BH-DL load at node n equals the total access

demand in its subtree. Each BH-DL queue qbn at the parent carries packets from multiple

flows: qbn =
P

ℓ∈subtree(n) q
(ℓ)
bn

, where q
(ℓ)
bn

is the share destined for access link ℓ.

3.1.7 Stability Region

We now characterize the set of arrival rate vectors for which the network can be stabilized. Let

M denote the set of all possible channel state vectors µ = (µℓ)ℓ∈L, and let πµ := Pr[µ(t) = µ]

be the stationary probability of state µ.

For a given channel state µ ∈ M and a feasible schedule s ∈ S, the rate delivered on link

ℓ is Rℓ(s) · sℓ, where Rℓ(s) is the capacity from (3.7) evaluated at the SI count mℓ(s) induced

by s. The set of rate vectors achievable under channel state µ is

Cµ :=
n

Rℓ(s) · sℓ
�
ℓ∈L : s ∈ S

o
. (3.24)

The stability region is defined as

Λ :=

(
ν = [νf ]f∈F : [νℓ]ℓ∈L ∈

X

µ∈M
πµ Conv(Cµ)

)
, (3.25)

where νℓ :=
P

f∈Fℓ
νf is the aggregate arrival rate on link ℓ, and Conv(·) denotes the convex

hull. A rate vector ν is in the interior of Λ if there exists δ > 0 such that ν + δ1 ∈ Λ.

Definition 4. The system is stable under a scheduling policy if and only if lim supT→∞
1
T

PT−1
t=0 E[∥Q(t)∥] <

∞, where Q(t) := (Qℓ(t))ℓ∈L. The system is stabilizable if there exists a stationary scheduling

policy under which it is stable.

Lemma 1. If ν /∈ Λ, the network is not stabilizable under any policy. If ν is in the interior

of Λ, there exists a stationary scheduling policy that stabilizes the network.

Proof. The proof follows standard arguments from [11,19]. □
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3.1.8 Global Back-Pressure Policy

We now define a scheduling policy that stabilizes the network for any arrival rate vector in

the interior of Λ. The construction follows the framework of [19].

For an access link ℓ incident to node n (i.e., ℓ ∈ LAC ∩ Ln), define the back-pressure

weight

wbp
ℓ (t) := Rℓ(s, t)max

f∈Fℓ

qfn(t). (3.26)

For a backhaul link bn connecting pr(n) to n, define

wbp
bn
(t) := Rbn(s, t) max

f∈Fbn

�
qfpr(n)(t)− qfn(t)

�
. (3.27)

In each slot, the back-pressure policy selects

sbp(t) ∈ argmax
s∈S

X

ℓ∈L
wbp

ℓ (t) sℓ(t). (3.28)

When a backhaul link bn is scheduled, only the packets of the flow f ⋆ := argmaxf∈Fbn
(qfpr(n)(t)−

qfn(t)) are transmitted.

Since Rℓ(s, t) depends on the SI count mℓ(s, t), the capacity of each link is itself a function

of the schedule being optimized. The per-slot problem (3.28) is therefore an instance of the

MWS problem (3.17) with schedule-dependent weights.

Lemma 2. The back-pressure policy (3.28) stabilizes the network for any arrival rate vector

ν in the interior of Λ.

Proof. Throughput-optimality follows from the standard per-flow Lyapunov function L(t) :=

1
2

P
n∈B

P
f∈F(q

f
n(t))

2 and use standard proof of [11, 19]. □
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3.1.9 Global Max-Weight Policy

A simpler variant replaces the per-flow differential backlog with the aggregate per-link queue

Qℓ(t). The max-weight policy selects

smw(t) ∈ argmax
s∈S

X

ℓ∈L
Qℓ(t)Rℓ(s, t) sℓ(t). (3.29)

Unlike back-pressure, the throughput optimality, which guarantees stability for all arrival

vectors in the stability region, is not guaranteed. However, since the policy can transmit

multiple packets at once over a single link, it achieves lower delay than back-pressure.

Both (3.28) and (3.29) are instances of the MWS problem (3.17): the weight wℓ(t) absorbs

the queue information, and the per-slot optimization is solved by the DP algorithm developed

in the next section. The only difference between the two policies is how the weights are

computed from the queue state; the combinatorial structure of the per-slot optimization is

identical.

3.2 Dynamic Programming approach

Solving a maximum weighted schedule, (3.17) is crucial for finding scheduling policies. In

this section, we propose a forward-backward algorithm based on dynamic programming (DP)

to find a maximum weighted schedule in almost linear time. The most naive approach for

this problem is exhaustive search, which looks at every single feasible schedule. However,

pragmatically, it is almost intractable to deploy the exhaustive method because it has

exponential complexity, O(2L). Instead, the DP approach can make the complexity polynomial

through the elimination of redundancy by passing messages with nodes. In existing half-duplex

IAB schedulers, SI is avoided by prohibiting simultaneous transmission and reception, which

makes the link weights independent of the schedule. However, in the FD system, the existing

methodology can not be directly adopted since the SI makes the weights dependent on other
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schedules. Furthermore, the UL traffic was overlooked by the work. Hence, a scheduling

policy considering FD operations and UL-DL bidirectional flows is developed in this section.

Through the optimal greedy algorithm with messages of subtree, the algorithm can achieve

the almost linear complexity in the number of links.

To implement the algorithm, we will firstly derive the optimal sum of weights of the

subtree from leaf to other cases.

3.2.1 Leaf Node

Let n be a node whose downlinks are all access links; Ln consists of access links and bn and

there are no child-BH links.

Definition 5. (Link level) For IAB n and link ℓ ∈ Ln, define νT
n,ℓ, ν

R
n,ℓ(m), νIDLE

n,ℓ as the

optimal weighted sum on the part of subtree of n and backhaul, bn, Tn ∪ {bn}. Then, on the

leaf node n, except backhaul link bn, they can be obtained as

νT
n,ℓ = wℓ, νR

n,ℓ(m) = w̄ℓ(m), νIDLE
n,ℓ = 0 for ℓ ∈ Ln \ bn (3.30)

Definition 6. (Panel level) For IAB n and panel k ∈ Pn, define νT
n,k, ν

R
n,k(m), νIDLE

n,k as the

optimal weighted sum on the subtree connected with panel k when the panel k is TX, RX,

and IDLE, respectively. Then, on the leaf node n, they can be computed as

νT
n,k = max

ℓ∈Ln,k

νT
n,ℓ, νR

n,k(m) = max
ℓ∈Ln,k

νR
n,ℓ(m), νIDLE

n,k = 0 for k ∈ Pn. (3.31)

This is because, if the panel is active, due to (3.18), the panel should pick the most highest

weight from Ln,k. If the panel is idle, νIDLE
n,k = 0 since it should not pick any links.

Definition 7. (Node level) For IAB n, if the parent of n, pr(n) transmits through bn to n,

define νT
n as the optimal weighted sum of Tn. Analogously, when the pr(n) receives through

bn from n and bn is idle, define νR
n and νIDLE

n as the optimal weighted sum of Tn, respectively.
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Lemma 3. Given P 1
n serves the backhaul link of n and pr(n), and transmits packets to n, νT

n

can be calculated as

νT
n = max

0≤m≤Pn−1


wDL

bn (m) +
X

k ̸=P 1
n

�
max
ℓ∈Ln,k

w̄ℓ(m)

�+

+ max
S⊆Pn\P 1

n , |S|=m

X

k∈S
max
ℓ∈Ln,k

wℓ −
�
max
ℓ∈Ln,k

w̄ℓ(m)

�+



(3.32)

Proof. We will scan from m = 0 to m = Pn − 1 to consider the effect of SI. If the number of

active TX panels is m, the weight of backhaul link connected to parent is wDL
bn

(m). Since the

number of TX panel is m, other Pn −m− 1 panels except P 1
n should be either RX or IDLE.

Now, partition panels Pn \ P 1
n into the set of TX panels, S, |S| = m and non-TX panels,

(Pn \ P 1
n) \ S. Hence, the optimal weight sum of panels except P 1

n is

X

k∈S
νT
n,k +

X

k/∈S
max


νIDLE
n,k , νR

n,k(m)
�
=

X

k∈S
νT
n,k +

X

k/∈S
(νR

n,k(m))+ (3.33)

=
X

k∈S
νT
n,k +

X

k∈Pn\P 1
n

(νR
n,k(m))+ −

X

k∈S
(νR

n,k(m))+ (3.34)

=
X

k∈Pn\P 1
n

(νR
n,k(m))+ +

X

k∈S

�
νT
n,k − (νR

n,k(m))+
�

(3.35)

As we need to find optimal S and m for νT
n , we apply maxS⊆Pn\P 1

n , |S|=m to the last term

and max0≤m≤Pn−1 to the entire expression. Since νR
n,k(m) = maxℓ∈Ln,k

w̄ℓ(m) and νT
n,k =

maxℓ∈Ln,k
wℓ at a leaf, adding the backhaul weight wDL

bn
(m) gives (3.32). □

Lemma 4. Assume that P 1
n serves the backhaul link of n and pr(n), and receives packets

from n (i.e., n transmits on bn, BH-UL). The weight w̄bn(ψ) depends on ψ = mpr(n), which is

determined by pr(n)’s own panel allocation. Therefore we exclude the BH-UL weight from νR
n
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and let pr(n) add it: at pr(n)’s side, the child-BH link bn in RX mode contributes wUL
bn

(ψ)+νR
n .

νR
n = max

1≤m≤Pn


X

k ̸=P 1
n

�
max
ℓ∈Ln,k

w̄ℓ(m)

�+

+ max
S⊆Pn\P 1

n , |S|=m−1

X

k∈S
max
ℓ∈Ln,k

wℓ −
�
max
ℓ∈Ln,k

w̄ℓ(m)

�+



(3.36)

Note that if m = Pn, all panels are TX mode and SI does not appear in this situation, however,

for simplicity of notation, we include m = Pn of max since the inner expression at m = Pn

reduces exactly to the correct value,
P

k ̸=P 1
n
νT
n,k.

Proof. Since P 1
n is transmitting on bn, the total TX panel count ranges from m = 1 to m = Pn.

The derivation is analogous to (3.32): partition Pn \ P 1
n into m− 1 TX panels and the rest

non-TX, then optimize over the partition and m. When m = Pn, all panels are TX and the

w̄ℓ(m) terms cancel out, leaving
P

k ̸=P 1
n
νT
n,k. □

Lemma 5. Given bn is idle, P 1
n contributes νIDLE

n,P 1
n

= 0 and the remaining panels are free.

νIDLE
n = max

0≤m≤Pn


X

k ̸=P 1
n

�
max
ℓ∈Ln,k

w̄ℓ(m)

�+

+ max
S⊆Pn\P 1

n , |S|=m

X

k∈S
max
ℓ∈Ln,k

wℓ −
�
max
ℓ∈Ln,k

w̄ℓ(m)

�+

.

(3.37)

3.2.2 Intermediate Node

Let n be a node with at least one child IAB node. In other words, Ln contains at least one

child-BH links.

Definition 8. (Link level) For each c ∈ Cn,

νT
n,bc = νT

c , νR
n,bc(m) = wUL

bc (m) + νR
c , νIDLE

n,bc = νIDLE
c . (3.38)

The key differences from leaves are wUL
bc

(m) is added to νR
c and νIDLE

n,bc
= νIDLE

c can be non-zero.

Note that if P 1
c selects AC link and turn off the bc, the case is contained in νIDLE

n,bc
.
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Definition 9. (Panel level) When panel k is active, it serves exactly one link; the remaining

links on k are idle and contribute ν IDLE
n,ℓ each. Hence:

νIDLE
n,k =

X

ℓ∈Ln,k

νIDLE
n,ℓ , (3.39)

νT
n,k = νIDLE

n,k + max
ℓ∈Ln,k


νT
n,ℓ − νIDLE

n,ℓ

�
, (3.40)

νR
n,k(m) = νIDLE

n,k + max
ℓ∈Ln,k


νR
n,ℓ(m)− νIDLE

n,ℓ

�
. (3.41)

At a leaf, νIDLE
n,ℓ = 0 for all ℓ, so these reduce to νT

n,k = maxℓ ν
T
n,ℓ and νR

n,k(m) = maxℓ ν
R
n,ℓ(m).

At an intermediate node, νIDLE
n,bc

= νIDLE
c can be nonzero, so νIDLE

n,k and the differences

νT
n,ℓ − νIDLE

n,ℓ must be used to correctly account for the idle contributions of other links on the

same panel.

Definition 10. (Node level) For IAB n, if the parent of n, pr(n) transmits through bn to n,

define νT
n as the optimal weighted sum of Tn. Analogously, when the pr(n) receives through

bn from n and bn is idle, define νR
n and νIDLE

n as the optimal weighted sum of Tn, respectively.

Their derivations are analogous to the leaf case. The only difference is that a non-TX panel’s

29



value is now max(νR
n,k(m), νIDLE

n,k ) instead of (νR
n,k(m))+, since νIDLE

n,k can be nonzero.

νT
n = max

0≤m≤Pn−1

�
wDL

bn (m) + νIDLE
n,P 1

n
+

X

k ̸=P 1
n

max

νR
n,k(m), νIDLE

n,k

�

+ max
S⊆Pn\P 1

n , |S|=m

X

k∈S
νT
n,k −max


νR
n,k(m), νIDLE

n,k

��
, (3.42)

νR
n = max

1≤m≤Pn

�
νIDLE
n,P 1

n
+

X

k ̸=P 1
n

max

νR
n,k(m), νIDLE

n,k

�

+ max
S⊆Pn\P 1

n , |S|=m−1

X

k∈S
νT
n,k −max


νR
n,k(m), νIDLE

n,k

��
, (3.43)

νIDLE
n = max

0≤m≤Pn

�
νIDLE
n,P 1

n
+

X

k ̸=P 1
n

max

νR
n,k(m), νIDLE

n,k

�

+ max
S⊆Pn\P 1

n , |S|=m

X

k∈S
νT
n,k −max


νR
n,k(m), νIDLE

n,k

��
. (3.44)

3.2.3 Root

Since the root r has no parent-backhaul link, only νIDLE
r is needed. There is no br to exclude,

so all panels participate:

νIDLE
r = max

0≤m≤Pr

"X

k∈Pr

max

νR
r,k(m), νIDLE

r,k

�
+ max

S⊆Pr, |S|=m

X

k∈S
νT
r,k −max


νR
r,k(m), νIDLE

r,k

�
#
.

(3.45)

3.2.4 Algorithm

Algorithm 1 computes the three values (νT
n , ν

R
n , ν

IDLE
n ) at a single node given the messages

from its children. Algorithm 2 calls it in a forward pass and then recovers the schedule in a

backward pass.
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Algorithm 1 Solver for Sub-Problem at node n

Require: node n, children’s messages {(νT
c , ν

R
c , ν

IDLE
c )}c∈C(n)

Ensure: (νT
n , ν

R
n , ν

IDLE
n ) and stored assignments (m⋆

θ, S
⋆
θ , {ℓTk , ℓRk }k) for each mode θ

1: Link level: For each ℓ ∈ Ln, set
2: Access: νTn,ℓ = wℓ, νRn,ℓ(m) = w̄ℓ(m), νIDLE

n,ℓ = 0.
3: Child-BH bc: νTn,bc = νTc , νRn,bc(m) = wUL

bc
(m) + νRc , νIDLE

n,bc
= νIDLE

c .
4: Parent-BH bn: νTn,bn = 0, νRn,bn(m) = wDL

bn
(m), νIDLE

n,bn
= 0.

5: Panel level: For each k ∈ Pn, set
6: νIDLE

n,k =
P

ℓ∈Ln,k
νIDLE
n,ℓ .

7: ℓTk = argmaxℓ∈Ln,k
(νTn,ℓ − νIDLE

n,ℓ ).
8: νTn,k = νIDLE

n,k + (νT
n,ℓTk

− νIDLE
n,ℓTk

).
9: For each m ∈ {0, . . . , Pn}:

10: ℓRk (m) = argmaxℓ∈Ln,k
(νRn,ℓ(m)− νIDLE

n,ℓ ).
11: νRn,k(m) = νIDLE

n,k + (νR
n,ℓRk (m)

(m)− νIDLE
n,ℓRk (m)

).
12: Node level: Let Q = Pn \ P 1

n (or Pn if n = r).
13: for each mode θ ∈ {T,R,ϕ} (only ϕ if n = r) do
14: for each m in range ([0, Pn−1] for T ; [1, Pn] for R; [0, Pn] for ϕ) do
15: For each k ∈ Q: dk(m) = νTn,k −max(νRn,k(m), νIDLE

n,k ).
16: Sort {dk(m)}k∈Q in decreasing order.
17: m′ = m if θ ∈ {T,ϕ}; m′ = m−1 if θ = R.
18: Pick top-m′ panels into S⋆(m). {exactly m′, even if dk < 0}
19: V (θ,m) =

P
k∈S⋆ νTn,k +

P
k∈Q\S⋆ max(νRn,k(m), νIDLE

n,k ).
20: if n ̸= r and θ = T then
21: V (θ,m) += wDL

bn
(m) + νIDLE

n,P 1
n

.
22: else if n ̸= r then
23: V (θ,m) += νIDLE

n,P 1
n

.
24: end if
25: end for
26: m⋆

θ = argmaxm V (θ,m).
27: νθn = V (θ,m⋆

θ).
28: Store the optimal TX count m⋆

θ, the TX panel set S⋆(m⋆
θ), and the served links ℓTk , ℓRk (m

⋆
θ) for each

panel k.
29: end for
30: return (νT

n , ν
R
n , ν

IDLE
n ) and the stored assignments for each mode θ.
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Algorithm 2 DP for Maximum Weighted Schedule
Require: {wℓ}ℓ∈L
Ensure: s⋆

1: Phase 1 – Forward pass, from the leaves to the root.
2: for each leaf node n (all downlinks are access links) do
3: Run Algorithm 1 with C(n) = ∅.
4: Send (νTn , ν

R
n , ν

IDLE
n ) to parent pr(n).

5: end for
6: for each non-leaf node n of the tree, from leaves toward root do
7: After receiving messages from all children in C(n), run Algorithm 1.
8: Send (νTn , ν

R
n , ν

IDLE
n ) to parent pr(n).

9: end for
10: v⋆ = νIDLE

r .
11: Phase 2 – Backward pass, from the root to the leaves.
12: θr ← ϕ. s⋆ℓ = 0, ∀ℓ ∈ L.
13: for n = 1, 2, . . . , N do
14: Retrieve the stored assignments for mode θn: optimal TX count m⋆, TX panel set S⋆, and served links

{ℓTk , ℓRk }k.
15: if n ̸= r and θn = T then
16: s⋆[bn] = RX.
17: else if n ̸= r and θn = R then
18: s⋆[bn] = TX.
19: end if
20: for each k ∈ Q do
21: if k ∈ S⋆ then
22: s⋆[ℓTk ] = TX.
23: else if νR

n,k(m
⋆) > νIDLE

n,k then
24: s⋆[ℓRk (m

⋆)] = RX.
25: end if
26: end for
27: for each child IAB c of n do
28: if k(c) ∈ S⋆ and ℓTk(c) = bc then
29: θc ← T .
30: else if k(c) /∈ S⋆ and ℓRk(c) = bc and νRn,k(c) > νIDLE

n,k(c) then
31: θc ← R.
32: else
33: θc ← ϕ.
34: end if
35: Send θc to child c.
36: end for
37: end for

3.2.5 Computational Complexity

We analyze the cost of Algorithm 1 at a single node n and then sum over the tree.

At the link level, νT
n,ℓ and νIDLE

n,ℓ are obtained in O(1) per link, and νR
n,ℓ(m) must be

evaluated for each of the Pn + 1 candidate values of m. Over all |Ln| links incident to n,

this costs O(Pn · |Ln|). At the panel level, the RX value νR
n,k(m) requires an argmax over
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|Ln,k| links for each m, giving O(Pn · |Ln,k|) per panel. Summing over all Pn panels yields

O(Pn · |Ln|), the same order as the link level. At the node level, for a fixed mode θ and a fixed

m, computing dk(m) = νT
n,k −max(νR

n,k(m), νIDLE
n,k ) for every panel in Q takes O(Pn). Sorting

these scores takes O(Pn logPn). After sorting, selecting the top-m′ panels and evaluating

V (θ,m) is O(Pn), so the sorting dominates. Since m ranges over at most Pn + 1 values, the

cost per mode is O(Pn · Pn logPn) = O(P 2
n logPn), and with three modes the node-level cost

is O(P 2
n logPn). Combining the three levels, Algorithm 1 runs in O(Pn · |Ln|+ P 2

n logPn) at

node n. Summing over all N nodes gives the total cost of Phase 1. Each access link belongs to

exactly one node’s link set Ln, while each backhaul link bc appears in Ln of both its endpoints,

so
P

n |Ln| ≤ 2|L|. Assuming Pn ≡ P for all nodes, Phase 1 costs O(P · |L| + NP 2 logP ).

Phase 2 visits each node once, reads the stored assignment in O(Pn), and propagates modes

to children in O(|C(n)|). Since
P

n |C(n)| = N − 1, the total cost of Phase 2 is O(NP ), which

is dominated by Phase 1. The overall complexity is therefore O(P · |L|+NP 2 logP ). Since

P is at most 3 or 4, the overall complexity is O(|L|).

3.3 Local Max-Weight Scheduling

The global policies of Sections 3.1.8–3.1.9 require a forward–backward message pass across

the entire tree in every slot. We now develop a local policy in which each node decides its

panel assignment using only its own queue lengths, the channel state on its incident links,

and one scalar received from its parent.

3.3.1 Estimated Backhaul Weight

The local policy is preceded by a one-time estimation phase, in which the network is scheduled

by the centralized full-duplex back-pressure policy of Section 3.1.8 for Test slots. During this

phase each parent records, for every child c, the realized BH-DL rate Rbc(s, t) in each slot

where back-pressure activates bc. These samples calibrate the scalar weights that the local
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policy later uses in place of the rates it cannot observe. The estimate is then used throughout

the operating phase, during which every node runs the local policy below.

When a parent node n considers transmitting on BH-DL bc to a child c, the BH-DL rate

Rbc depends on the child’s TX count mc, which n cannot observe. We replace this unknown

rate with the fixed estimated weight

µ̂bc := E
h
Rbc(s, t)

��� sbpbc (t) = 1
i
, (3.46)

the conditional mean BH-DL rate when back-pressure activates bc, computed as the empirical

average over the estimation-phase samples above. All other link types have rates the scheduling

node can compute itself, since for BH-UL the receiver n knows its own TX count mn and for

access links the UE endpoint causes no SI. The only residual inaccuracy of µ̂bc is the finite-

sample estimation error ϵtrain, the deviation of the empirical mean from the true conditional

mean, which vanishes as the estimation phase lengthens (Test → ∞).

3.3.2 Policy

Definition 11. At the start of each slot, node n exchanges backhaul queue lengths with each

child c ∈ C(n), sending the downlink backlog Qbc(t) and receiving the uplink backlog, and

observes the decision of its parent on bn. The incident links Ln carry both directions, and

node n may serve uplink and downlink at once across its Pn panels. Partition Ln into the

receive links Rn, which hold the incoming BH-DL bn, the uplink access links, and the BH-UL

from the children, and the transmit links Tn, which hold the downlink access links, the BH-UL

to the parent, and the outgoing BH-DL set Bn := {bc : c ∈ C(n)}. Let sℓ(t) ∈ {0, 1} indicate

that a panel serves link ℓ, let m :=
P

ℓ∈Tn sℓ be the transmit count, and assign each link the
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weight

wℓ(m) :=





Rℓ


m,µn(t)

�
Qℓ(t), ℓ ∈ Rn,

Rℓ


µn(t)

�
Qℓ(t), ℓ ∈ Tn \ Bn,

µ̂bc Qbc(t), ℓ = bc ∈ Bn.

(3.47)

Node n rates every receive link and every transmit link it controls exactly, while each outgoing

BH-DL bc takes the frozen estimate µ̂bc in place of a rate the unobservable child transmit

count would set. For each child this means node n rates the uplink it receives exactly and

estimates only the downlink it transmits. The self-interference of the m transmit panels

degrades every receive rate Rℓ(m,µn). When the parent activates bn (Mode T ), node n solves

max
s,m

X

ℓ∈Ln

wℓ(m,µℓ) sℓ

s.t. sbn = 1,

X

ℓ∈Ln

sℓ ≤ Pn,

m =
X

ℓ∈Tn
sℓ,

sℓ ∈ {0, 1}, ℓ ∈ Ln.

(3.48)

The constraint sbn = 1 forces one panel to receive on bn, and the budget
P

ℓ sℓ ≤ Pn serves at

most one link per panel. When the parent is idle (Mode ϕ), node n solves the same program

with bn removed from Ln and the constraint sbn = 1 dropped, so all Pn panels are free. The

transmit count m enters the receive weights, so node n solves (3.48) by sweeping m with the

sub-solver of Algorithm 1.

Why the target load exceeds the operating load. During the operating phase, the

parent never sees the true BH-DL rate, since that rate depends on the child’s panel assignment

and self-interference, which the parent cannot observe. It instead decides whether to activate

BH using the single calibrated weight from the estimation phase. Because this weight is a
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fixed average rather than the rate realized in the current slot, the parent’s on-off decisions

are occasionally wrong. Sometimes it activates the backhaul when serving access would have

carried more traffic, and sometimes it skips a backhaul opportunity that was in fact worth

taking. Each such decision spends panel-time on the less useful link, so a fraction of the

network’s capacity is lost to acting on partial information rather than the exact state. To

keep every queue stable in spite of this loss, the network is provisioned with headroom, that is,

it is designed to carry a load below the rate its links could sustain if every backhaul decision

were exact. The size of this headroom reflects the cost of partial information. It shrinks as

the estimation phase lengthens and the calibrated weight tracks the true rate more closely,

and as the self-interference penalty weakens so that the gap between activating and skipping

the backhaul becomes less sensitive to the child’s behavior.
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Algorithm 3 FD-LocalMW-BP at node n (non-root)
Require: Local queues {Qℓ}ℓ∈Ln , channel state µn(t), parent’s BH queue Qbn , parent’s BH schedule

sbn ,estimated weights {µ̂bc}c∈C(n)
Ensure: Panel assignment sn(t)
1: TX-side link weight: wTX

ℓ ← Rℓ(t)Qℓ for access links, and wTX
bc

← µ̂bc Qbc for each outgoing
BH-DL bc.

2: Send Qbc(t) to each child c ∈ C(n).
3: Observe parent’s decision on bn.
4: if parent TX on bn (Mode T ) then
5: Pin P 1

n ← RX on bn.
6: for m = 0 to Pn − 1 do
7: VBH(m) ← Rbn(m,µn(t)) ·Qbn . {exact incoming BH-DL rate at SI level m}
8: for each k ∈ Pn \ P 1

n do
9: νTn,k ← maxℓ∈LTX

n,k
wTX
ℓ . {access at exact rate, outgoing BH-DL at estimate}

10: νRn,k(m) ← maxℓ∈LRX
n,k

Rℓ(m, t) ·Qℓ.
11: end for
12: Sort panels by marginal gain νTn,k − (νRn,k(m))+, pick top m.
13: VAC(m) ← P

k(ν
R
n,k(m))+ + top-m gains.

14: V (m) ← VBH(m) + VAC(m).
15: end for
16: m⋆ ← argmaxm V (m).
17: Assign top-m⋆ gain panels to TX, the rest to their best RX link.
18: else {Mode ϕ: parent idle, all panels free}
19: for each ℓ ∈ Ln do
20: if ℓ = bc is an outgoing BH-DL then
21: wℓ ← µ̂bc ·Qbc . {estimated weight: child’s SI unknown to n}
22: else
23: wℓ ← Rℓ(t) ·Qℓ. {exact rate}
24: end if
25: end for
26: Run Algorithm 1 with weights {wℓ} to assign panels.
27: end if

3.3.3 Stability Region of Full-Duplex Local Scheduling

In this theoretical analysis on the stability region, we will consider only the downlink for

simplicity. The analysis of the uplink can be analogously investigated, and the framework

can be easily extended to combined operations.

Definition 12. For each node n, Mode T sub-modes are indexed by TX count m ∈

{0, . . . , Pn−1}. In Mode T -m, panel P 1
n is pinned to BH-DL RX (rate Rbn(m,µn)), and m
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Figure 3.1: Timing diagram of global versus local scheduling on a tree of depth D. Global
scheduling requires a forward pass and a backward pass before TX/RX can begin, consuming
2D control intervals per slot. Local scheduling propagates only top-down consuming D
control intervals per slot.
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Figure 3.2: Operational timeline of FD-LocalMW-BP. After UE acquisition, the network runs
the global policy at the inflated load λ = η+ virtual traffic for Test slots (estimation phase) to
produce the BH-DL weight estimates {µ̂bc}. The network then switches to FD-LocalMW-BP
at the real load η (deployment phase), using µ̂ as the fixed BH-DL weight.
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of the remaining panels are TX, creating SI level m. Define:

ST,m
n :=

�
sn ∈ {0, 1}|Ln| :

P
ℓ∈Ln,k

sℓ ≤ 1 ∀ free panel k,
P

ℓ∈LTX
n

sℓ = m
	
, (3.49)

SIDLE
n :=

�
sn ∈ {0, 1}|Ln| :

P
ℓ∈Ln,k

sℓ ≤ 1 ∀ panel k
	
, (3.50)

where Ln = LAC
n ∪ {bc}c∈C(n) includes access links and child-BH links, and Ln,k is the set of

links hostable on panel k.

Definition 13. For each non-root node n, define the mode set

Mn := {0, 1, . . . , Pn−1} ∪ {ϕ}. (3.51)

A mode θn = m ∈ {0, . . . , Pn−1} means node n receives BH-DL (panel P 1
n pinned to RX)

with m TX panels active, creating SI level m. The mode θn = ϕ means no BH-DL reception

(all panels free). The root is always in mode ϕ: Mr := {ϕ}. The per-mode feasible schedule

set is written uniformly as Sn(θn):

Sn(θn) :=





ST,m
n if θn = m ∈ {0, . . . , Pn−1},

SIDLE
n if θn = ϕ,

(3.52)

where ST,m
n and S IDLE

n are as in (3.49)–(3.50). The BH-DL rate in mode θn is

Rbn(θn,µn) :=





Rbn(m,µn) if θn = m ∈ {0, . . . , Pn−1},

0 if θn = ϕ.

(3.53)

Definition 14. A feasible network schedule is a pair σ = (θ, s) consisting of:

(i) a mode assignment θ = (θn)n∈B with θn ∈ Mn for each node,

(ii) a link activation s = (sn)n∈B with sn ∈ {0, 1}|Ln| for each node,
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subject to:

(C1) Feasibility: sn ∈ Sn(θn) for every n ∈ B.

(C2) Parent–child coupling: for each parent–child pair (n, c),

θc ̸= ϕ ⇐⇒ sbc = 1 at node n. (3.54)

Let Σnet denote the set of all such pairs. It is finite.

Each σ = (θ, s) ∈ Σnet and channel state µ = (µℓ)ℓ∈L jointly produce a rate vector

r(σ,µ) ∈ R|A|+|BBH|
≥0 :

rbn(σ,µ) = Rbn(θn,µn), rℓ(σ,µ) = µℓ · sσℓ , ∀ bn ∈ BBH, ℓ ∈ A. (3.55)

Let M denote the set of all possible channel states and πµ := Pr[µ(t) = µ] the stationary

distribution.

Definition 15. A scheduling policy π is local if each node’s scheduling decision depends only

on its own queue state, its own channel state, and the mode signal received from its parent.

Formally, for each parent–child pair (p, n):

Pπ

sbn(t) = 1

�� µn(t), Q(t)
�
= Pπ


sbn(t) = 1

�� Q(t)
�
, (3.56)

i.e., parent p’s BH-DL activation for child n is independent of child n’s channel state µn(t).

Within a mode, each node may observe its own channel µn(t) and adapt its panel assignment

accordingly.

Definition 16. The global stability region is the set of arrival rate vectors achievable by

some policy:

Λ :=
�
λ ≥ 0 : ∃ a policy π with S̄π

ℓ ≥ λℓ ∀ ℓ
	
. (3.57)
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The local stability region is the set achievable by local policies:

Λloc :=
�
λ ≥ 0 : ∃ a local policy π with S̄π

ℓ ≥ λℓ ∀ ℓ
	
. (3.58)

Here S̄π
ℓ := limT→∞

1
T

PT−1
t=0 Eπ[µℓ(t) sℓ(t)] is the time-averaged service rate on link ℓ under π.

Theorem 3. (Carathéodory [16, Theorem 17.1].) Let S ⊂ Rd be a finite set. If x ∈ Conv(S),

then there exist points s1, . . . , sk ∈ S with k ≤ d + 1 and weights p1, . . . , pk ≥ 0 with
Pk

j=1 pj = 1 such that x =
Pk

j=1 pjsj.

Lemma 6. Let π be any scheduling policy, and let E1, . . . , EK be finitely many events each

determined by (Q(t),µ(t), s(t)). There exists a subsequence {Tk}k≥1 with Tk → ∞ such that

lim
k→∞

1

Tk

Tk−1X

t=0

Pπ(Ei(t)) (3.59)

exists for every i = 1, . . . , K.

Proof. Each Cesàro mean p̄T (Ei) :=
1
T

PT−1
t=0 Pπ(Ei(t)) lies in [0, 1], so the sequence {p̄T (Ei)}T≥1

is bounded for each i. By the Bolzano–Weierstrass theorem, {p̄T (E1)} has a convergent

subsequence {T (1)
k }. Restricting to this subsequence, {p̄

T
(1)
k
(E2)} is again bounded and has a

further convergent subsequence {T (2)
k }. Proceeding by diagonal extraction over i = 1, . . . , K

yields a single subsequence {Tk} along which all K limits exist simultaneously. □

Definition 17. For a stable local policy π, define the total Mode T fraction ρn :=

limTk→∞ T−1
k

PTk−1
t=0 Pπ(θn(t) ̸= ϕ), and for each mode m, channel state µn, and link ℓ:

αn(m,µn) := lim
Tk→∞

1

Tk

Tk−1X

t=0

Pπ

θn(t) = m, µn(t) = µn

�
, (3.60)

yT,m
n,ℓ (µn) := lim

Tk→∞

1

Tk

Tk−1X

t=0

Pπ

sℓ(t)=1, θn(t) = m, µn(t) = µn

�
, (3.61)

yIDLE
n,ℓ (µn) := lim

Tk→∞

1

Tk

Tk−1X

t=0

Pπ

sℓ(t)=1, θn(t) = ϕ, µn(t) = µn

�
, (3.62)
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where {Tk} is a convergent subsequence guaranteed by Lemma 6 (chosen jointly for all

finitely many events via a diagonal argument). The marginal mode fraction is αn(m) :=
P

µn
αn(m,µn).

LP Characterization. For following works, we introduce Linear Programming characteri-

zation of stability region since it is intractable to handle convex hull form. Let ρn ∈ [0, 1]

denote the total Mode T fraction at node n (channel-independent by the locality constraint).

Within Mode T , the child observes its channel µn and chooses the TX count m; we write

αn(m,µn) := P(θn = m, µn(t) = µn) (3.63)

for the joint mode–channel fraction, and

yT,m
n,ℓ (µn) := P(sℓ=1, θn=m, µn(t)=µn), (3.64)

yIDLE
n,ℓ (µn) := P(sℓ=1, θn=ϕ, µn(t)=µn) (3.65)

for the within-mode, channel-conditional activation fractions. These are long-run time

fractions obtained from any stationary local policy.

Proposition 1. λ ∈ Λloc if and only if the following LP in variables

ρn, αn(m,µn), y

T,m
n,ℓ (µn), y

IDLE
n,ℓ (µn) ≥
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0
�

is feasible:

X

m

X

µn

αn(m,µn)Rbn(m,µn) ≥ λbn , ∀n ̸= r, (LP-BH)

X

m

X

µn

µℓ y
T,m
n,ℓ (µn) +

X

µn

µℓ y
IDLE
n,ℓ (µn) ≥ λℓ, ∀n, ℓ ∈ LAC

n , (LP-AC)

X

ℓ∈Ln,k

yT,m
n,ℓ (µn) ≤ αn(m,µn), ∀n, m, free k, µn, (LP-PNLT)

X

ℓ∈Ln,k

yIDLE
n,ℓ (µn) ≤ (1− ρn) πµn

, ∀n, panel k, µn, (LP-PNLIDLE)

X

ℓ∈LTX
n

yT,m
n,ℓ (µn) = mαn(m,µn), ∀n, m, µn, (LP-TX)

X

m

αn(m,µn) = ρn πµn
, ∀n, µn, (LP-IND)

X

m

X

µp

yT,m
p,bc

(µp) +
X

µp

yIDLE
p,bc (µp) = ρc, ∀ (p, c), (LP-PC)

ρn ≤ 1, ∀n. (LP-ρ)

The constraints encode the following physical and structural requirements:

• (LP-BH): the average BH-DL service rate, jointly over SI level m and channel state

µn, must meet the BH arrival rate.

• (LP-AC): the average access service rate, summed over all modes and channel states,

must meet the access arrival rate. Within-mode channel adaptation is captured by the

µn variables.

• (LP-PNLT)–(LP-PNLIDLE): each panel serves at most one link per slot. The inequality

(rather than equality) allows a panel to be idle — for instance, when no link on that

panel has positive weight. The total link activation on panel k cannot exceed the time

fraction spent in the corresponding mode and channel state.
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• (LP-TX): in Mode T -m, exactly m of the free panels are in TX mode, regardless of the

channel state.

• (LP-IND): the sole locality constraint. It forces the total Mode T fraction ρn to be

independent of the child’s channel state µn, encoding the local policy condition (3.56).

Removing (LP-IND) and allowing
P

m αn(m,µn) to vary freely with µn yields the LP

for Λ.

• (LP-PC): the total BH-DL activation fraction at the parent (summed over parent’s

modes and channel states) must equal the child’s Mode T fraction ρc.

• (LP-ρ): the Mode T fraction cannot exceed 1.

At the root: (LP-BH) is absent and ρr = 0.

Proof. (⇒) Stabilizing local policy implies LP feasibility. Let ϖ be a local policy (Definition 15)

that stabilizes λ, i.e.,

lim sup
T→∞

1

T

T−1X

t=0

Eϖ[Qℓ(t)] < ∞ ∀ ℓ. (3.66)

(We write ϖ for the policy to distinguish it from the channel state probability πµn
:=

Pr[µn(t) = µn].) Define the occupation variables (ρn,αn(m,µn), y
T,m
n,ℓ (µn), y

IDLE
n,ℓ (µn)) as the

Cesàro subsequential limits of Definition 17 (which exist by Lemma 6). We verify that these

variables satisfy each LP constraint:

(LP-IND): Since ϖ is local (Definition 15), the parent’s BH activation decision is

independent of the child’s channel: Pϖ(θn ̸= ϕ | µn) = Pϖ(θn ̸= ϕ) = ρn. Hence
P

m αn(m,µn) = Pϖ(θn ̸= ϕ, µn) = ρn πµn
.

(LP-PNLT): In every slot, each panel serves at most one link:
P

ℓ∈Ln,k
sℓ(t) ≤ 1. Multiply

both sides by the indicator 1{θn(t) = m, µn(t) = µn}:

X

ℓ∈Ln,k

sℓ(t) 1{θn(t)=m, µn(t)=µn} ≤ 1{θn(t)=m, µn(t)=µn}. (3.67)
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Take expectations and the Cesàro mean 1
T

PT−1
t=0 :

X

ℓ∈Ln,k

lim
T→∞

1

T

T−1X

t=0

P(sℓ=1, θn=m, µn)

| {z }
=yT,m

n,ℓ (µn)

≤ lim
T→∞

1

T

T−1X

t=0

P(θn=m, µn)

| {z }
=αn(m,µn)

. (3.68)

(LP-PNLIDLE): Identically, multiplying
P

ℓ sℓ ≤ 1 by 1{θn=ϕ, µn}, taking expectations

and Cesàro means:

X

ℓ∈Ln,k

yIDLE
n,ℓ (µn) ≤ lim

T→∞

1

T

T−1X

t=0

P(θn=ϕ, µn)

| {z }
=(1−ρn)πµn

. (3.69)

(LP-TX): When θn(t) = m, exactly m TX panels are active:
P

ℓ∈LTX
n

sℓ(t) = m. Multiply

by 1{θn=m, µn} and average:

X

ℓ∈LTX
n

yT,m
n,ℓ (µn) = m · αn(m,µn). (3.70)

(LP-PC): Child c is in Mode T iff parent p activates bc: P(sbc = 1) = P(θc ̸= ϕ) = ρc.

Decomposing the left side over parent’s modes and channel states:

X

m

X

µp

yT,m
p,bc

(µp) +
X

µp

yIDLE
p,bc (µp) = P(sbc = 1) = ρc. (3.71)

(LP-BH): The per-slot BH-DL service is Rbn(mn(t),µn(t)) · 1{θn(t) ̸= ϕ}. Decomposing
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over joint events and averaging:

S̄bn = lim
T→∞

1

T

T−1X

t=0

E
�
Rbn(mn(t),µn(t)) 1{θn(t) ̸= ϕ}

�

= lim
T→∞

1

T

T−1X

t=0

X

m

X

µn

Rbn(m,µn)P(θn(t)=m, µn(t)=µn)

=
X

m

X

µn

Rbn(m,µn)αn(m,µn). (3.72)

By mean stability, S̄bn ≥ λbn : otherwise S̄bn < λbn , i.e., S̄bn = λbn − ϵ for some ϵ > 0, which

gives

lim
T→∞

1

T

T−1X

t=0

E[∆qbn(t)] ≥ λbn − S̄bn = ϵ > 0, (3.73)

implying E[qbn(T )]/T ≥ ϵ, contradicting mean stability. Hence (LP-BH) holds.

(LP-AC): The access service on link ℓ is µℓ(t) · sℓ(t). Decomposing over joint events and

averaging:

S̄ℓ = lim
T→∞

1

T

T−1X

t=0

E[µℓ(t) sℓ(t)]

= lim
T→∞

1

T

T−1X

t=0

X

m

X

µn

µℓ P(sℓ=1, θn=m, µn) +
1

T

X

t

X

µn

µℓ P(sℓ=1, θn=ϕ, µn)

=
X

m

X

µn

µℓ y
T,m
n,ℓ (µn) +

X

µn

µℓ y
IDLE
n,ℓ (µn). (3.74)

By mean stability, S̄ℓ ≥ λℓ: otherwise S̄ℓ = λℓ−ϵ for some ϵ > 0, and 1
T

P
t Eϖ[∆qfℓ (t)] ≥ ϵ > 0

for some flow f traversing link ℓ, implying Eϖ[qfℓ (T )]/T ≥ ϵ, which contradicts mean stability.

Hence (LP-AC) holds.

(LP-ρ): ρn = P(θn ̸= ϕ) ≤ 1.

(⇐) LP feasibility implies λ ∈ Λloc. Given a feasible solution (ρn,αn(m,µn), y
T,m
n,ℓ (µn), y

IDLE
n,ℓ (µn)),

we construct an explicit stationary local policy.
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Step 1. For each n, m, µn with αn(m,µn) > 0, define

zT,m
n,ℓ (µn) :=

yT,m
n,ℓ (µn)

αn(m,µn)
. (3.75)

This is the conditional probability of activating link ℓ, given mode m and channel µn.

From (LP-PNLT):
P

ℓ∈Ln,k
zT,m
n,ℓ (µn) ≤ 1 for each panel k (panel exclusion). From (LP-TX):

P
ℓ∈LTX

n
zT,m
n,ℓ (µn) = m (TX count). Together these imply zT,m

n (µn) ∈ Conv(ST,m
n ). Define

zIDLE
n,ℓ (µn) analogously; by (LP-PNLIDLE), zIDLE

n (µn) ∈ Conv(SIDLE
n ).

Step 2. Since ST,m
n is a finite set, Conv(ST,m

n ) ⊂ R|Ln|. By Carathéodory’s theorem, each

zT,m
n (µn) ∈ Conv(ST,m

n ) can be written as a convex combination of at most |Ln|+ 1 vertices:

zT,m
n (µn) =

JX

j=1

pT,m
j (µn) sj, sj ∈ ST,m

n , pj ≥ 0,
X

j

pj = 1. (3.76)

This provides a probability distribution {pT,m
j (µn)} supported on at most |Ln|+ 1 schedules

from ST,m
n ; the remaining schedules in ST,m

n receive probability zero. Similarly decompose

zIDLE
n (µn) into {pIDLE

j (µn)} over S IDLE
n .

Step 3. The LP solution and the Carathéodory decompositions from Steps 1–2 define

a stationary randomized local policy π̃ as follows. For each node n, π̃ is specified by three

components:

(a) Mode selection distribution (for non-root n entering Mode T ): given channel µn, select

TX count m with probability

π̃mode
n (m | µn) :=

αn(m,µn)

ρn πµn

, (3.77)

which sums to 1 over m by (LP-IND);

(b) Mode T schedule distribution: given mode m and channel µn, draw schedule sn ∈ ST,m
n
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with probability

π̃T,m
n (sj | µn) := pT,m

j (µn), j = 1, . . . , Jn,m,µn
, (3.78)

where {pT,m
j (µn), sj} is the Carathéodory decomposition of zT,m

n (µn) from Step 2, with

Jn,m,µn
≤ |Ln|+ 1;

(c) Mode ϕ schedule distribution: given channel µn, draw schedule sn ∈ SIDLE
n with

probability

π̃IDLE
n (sj | µn) := pIDLE

j (µn), j = 1, . . . , Jn,ϕ,µn
, (3.79)

where {pIDLE
j (µn), sj} is the Carathéodory decomposition of zIDLE

n (µn) from Step 2.

In each slot t, π̃ maps the observation (θn(t),µn(t)) to a random schedule sn(t), independently

of the queue state Q(t) and of all other slots.

Step 4. The tree-wide schedule is constructed depth by depth:

(i) Root r: observe µr(t), draw sr ∼ π̃IDLE
r (· | µr(t)). This determines which BH-DL links

bc are activated (sbc = 1).

(ii) Non-root n in Mode T : observe µn(t), draw m ∼ π̃mode
n (· | µn(t)), then draw sn ∼

π̃T,m
n (· | µn(t)).

(iii) Non-root n in Mode ϕ: observe µn(t), draw sn ∼ π̃IDLE
n (· | µn(t)).

(iv) Repeat for deeper nodes.

Step 5. Each node uses only (a) its mode θn (received from parent) and (b) its own

channel µn(t). The total Mode T probability at child n is:

Pπ̃(θn ̸= ϕ | µn) = ρn ∀µn, (3.80)

since the parent’s BH decision does not depend on µn (the parent draws from {pj(µp)} which

is a function of µp, independent of µn.. Hence π̃ is local.
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Step 6. By (LP-PC), the probability that parent p activates bc (summed over parent

modes and channels) equals ρc, matching child c’s Mode T fraction.

Step 7. We verify that the time-averaged service rates under π̃ recover the LP values.

Under π̃, the joint probability that node n is in mode m with channel µn and link ℓ is active

is:

Pπ̃(sℓ=1, θn=m, µn) = P(θn=m, µn)| {z }
αn(m,µn)

·Pπ̃(sℓ=1 | θn=m, µn)| {z }
=
P

j π̃
T,m
n (sj |µn)·[sj ]ℓ

= αn(m,µn) · [zT,m
n (µn)]ℓ

= αn(m,µn) ·
yT,m
n,ℓ (µn)

αn(m,µn)
= yT,m

n,ℓ (µn), (3.81)

where [z]ℓ denotes the ℓ-th component and the second equality uses
P

j pjsj = z from the

Carathéodory decomposition. Similarly, Pπ̃(sℓ=1, θn=ϕ, µn) = yIDLE
n,ℓ (µn).

For BH-DL at non-root n: since sbn = 1 whenever θn ̸= ϕ,

S̄bn =
X

m

X

µn

Rbn(m,µn)αn(m,µn) ≥ λbn (by (LP-BH)). (3.82)

For access link ℓ ∈ LAC
n :

S̄ℓ =
X

m

X

µn

µℓ y
T,m
n,ℓ (µn) +

X

µn

µℓ y
IDLE
n,ℓ (µn) ≥ λℓ (by (LP-AC)). (3.83)

Hence λ is achievable by a local policy π̃, so λ ∈ Λloc. □

Corollary 1. At INR = ∞, the stability region decomposes as an intersection of per-node

regions:

Λloc
��
INR=∞ =

\

n∈B
ΛHD

n , (3.84)

where the per-node region is: for the root, ΛHD
r := {λ : [λℓ]ℓ∈Lr ∈ Conv(CIDLE

r )}, and for each
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non-root n,

ΛHD
n :=



λ :

[λℓ]ℓ∈Ln

1− λbn/R̄bn(0)
∈

X

µn

πµn
Conv(CIDLE

µn
)



, (3.85)

with CIDLE
µn

:= {(µℓ · sℓ)ℓ∈Ln : s ∈ SIDLE
n } and R̄bn(0) :=

P
µn

πµn
Rbn(0,µn). This coincides

with the region ΛP =
T

n Λn of [8, eq. (20)].

Proof. At INR = ∞: Rbn(m,µn) = 0 for all m ≥ 1 and all µn.

Step 1: BH constraint forces αn(0). From (LP-BH):
P

m

P
µn

αn(m,µn)Rbn(m,µn) ≥ λbn .

Since Rbn(m,µn) = 0 for m ≥ 1, only the m = 0 term survives:
P

µn
αn(0,µn)Rbn(0,µn) ≥

λbn , i.e., ρn · R̄bn(0) ≥ λbn , where R̄bn(0) :=
P

µn
πµn

Rbn(0,µn).

Step 2: No active links when θn = 0. From (LP-TX) at m = 0:
P

ℓ y
T,0
n,ℓ = 0 · αn(0) = 0,

so yT,0
n,ℓ = 0 for all ℓ.

Step 3: Modes θn = m ≥ 1 are suboptimal. When θn = m ≥ 1: panel P 1
n is pinned

to BH-DL RX yet Rbn(m,µn) = 0, so the node loses one panel without BH benefit. This

is strictly worse than mode ϕ (all Pn panels free). Hence any LP-feasible solution can be

improved by setting αn(m) = 0 for m ≥ 1, which implies yT,m
n,ℓ = 0 for m ≥ 1.

Step 4: All service in mode ϕ. The available mode-ϕ time is αIDLE
n = 1 − αn(0). All

remaining LP constraints involve only yIDLE
n,ℓ :

• (LP-AC): µ̄ℓ y
IDLE
n,ℓ ≥ λℓ for each ℓ ∈ Ln,

• (LP-PNLIDLE):
P

ℓ∈Ln,k
yIDLE
n,ℓ ≤ αIDLE

n for each panel k.

Step 5: Reduction to convex hull condition. Define the conditional activation xIDLE
n,ℓ :=

yIDLE
n,ℓ /αIDLE

n . By (LP-PNLIDLE):
P

ℓ∈Ln,k
xIDLE
n,ℓ ≤ 1 for each panel k, so xIDLE ∈ Conv(SIDLE

n ).

The rate vector (µ̄ℓ x
IDLE
n,ℓ )ℓ∈Ln ∈ Conv(CIDLE

n ), and (LP-AC) requires each component to

satisfy µ̄ℓ x
IDLE
n,ℓ ≥ λℓ/α

IDLE
n . The tightest condition is at the minimum BH time ρn =

λbn/R̄bn(0), yielding αIDLE
n = 1− λbn/R̄bn(0) and the requirement (3.85).

Step 6: Per-node independence. The parent–child coupling (LP-PC) requires ρc =

λbc/R̄bc(0), which is fully determined by λ. Hence each node’s condition (3.85) depends only
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on λ and not on other nodes’ LP variables. The overall LP is feasible if and only if (3.85)

holds at every node simultaneously, giving the intersection (3.84). □

Theorem 4. If λ /∈ Λloc, then no local policy stabilizes the system.

Proof. We prove the contrapositive: if a stable local policy π exists, then λ ∈ Λloc.

Step 1: Time-averaged fractions. By Definition 17 and Lemma 6, the fractions (ρn,αn(m,µn), y
T,m
n,ℓ (µn), y

IDLE
n,ℓ

are well-defined and non-negative. We verify these satisfy every LP constraint.

Step 2: Independence constraint (LP-IND). Since π is local, parent’s BH activation is

independent of child’s channel: P(θn ̸= ϕ | µn) = P(θn ̸= ϕ) = ρn. Hence:

X

m

αn(m,µn) = P(θn ̸= ϕ, µn) = ρn πµn
. (3.86)

Step 3: BH-DL service (LP-BH). The time-averaged BH-DL service rate is

S̄bn =
X

m

X

µn

Rbn(m,µn)αn(m,µn), (3.87)

by decomposing over the joint events {θn = m, µn}. Mean stability requires S̄bn ≥ λbn : if

S̄bn < λbn , then 1
T

P
t E[∆qbn(t)] ≥ λbn − S̄bn > 0, so E[qbn(T )]/T → ∞, contradicting mean

stability.

Step 4: Access-link service (LP-AC). For each ℓ ∈ LAC
n :

S̄ℓ = lim
T

1

T

X

t

E[µℓ(t) sℓ(t)] =
X

m

X

µn

µℓ y
T,m
n,ℓ (µn) +

X

µn

µℓ y
IDLE
n,ℓ (µn), (3.88)

by decomposing the expectation over the joint events {θn=m, µn(t)=µn, sℓ=1}, where µℓ

takes value µℓ when µn(t) = µn. Mean stability requires S̄ℓ ≥ λℓ by the same drift argument:

if S̄ℓ < λℓ, then E[qfℓ (T )]/T → ∞ for some flow f using link ℓ.

Step 5: Per-panel constraints (LP-PNLT) and (LP-PNLIDLE). The physical constraint
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P
ℓ∈Ln,k

sℓ(t) ≤ 1 holds in every slot. Restricting to the joint event {θn=m, µn(t)=µn}:

X

ℓ∈Ln,k

yT,m
n,ℓ (µn) ≤ αn(m,µn). (3.89)

Similarly,
P

ℓ∈Ln,k
yIDLE
n,ℓ (µn) ≤ (1− ρn) πµn

.

Step 6: TX count (LP-TX). When θn = m, exactly m TX panels are active regardless of

µn:
X

ℓ∈LTX
n

yT,m
n,ℓ (µn) = mαn(m,µn). (3.90)

Step 7: Parent–child coupling (LP-PC). Child c enters Mode T iff parent p activates bc.

Summing over parent’s modes and channel states:

X

m

X

µp

yT,m
p,bc

(µp) +
X

µp

yIDLE
p,bc (µp) = P(sbc=1) = P(θc ̸= ϕ) = ρc. (3.91)

Step 8. Steps 2–7 show that the fractions satisfy every LP constraint. By Proposition 1,

λ ∈ Λloc. Taking the contrapositive: λ /∈ Λloc implies no stable local policy exists. □

Fluid Model. The stability proofs use the fluid model framework of Dai [6]. Consider a

sequence of stochastic systems indexed by scaling parameter n, with initial condition Q(n)(0)

satisfying ∥Q(n)(0)∥ = n. Define the fluid-scaled queue process:

q̄
(n)
ℓ (τ) :=

Q
(n)
ℓ (⌊nτ⌋)

n
, τ ≥ 0. (3.92)

A fluid model solution q̄(τ) is any subsequential limit q̄ℓ(τ) := limk→∞ q̄
(nk)
ℓ (τ) (pointwise in

τ ). Under mild regularity conditions (bounded second moments of arrivals and service), fluid

model solutions exist and are Lipschitz continuous [6, Theorem 4.1]. When q̄ℓ(τ) > 0, the

fluid queue evolves as:

˙̄qℓ(τ) = āℓ(τ)− r̄ℓ(τ), (3.93)
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where āℓ(τ ) is the fluid arrival rate and r̄ℓ(τ ) is the fluid service rate at time τ , both determined

by the scheduling policy. The dot denotes the time derivative d/dτ . When q̄ℓ(τ) = 0, the

queue remains at zero as long as āℓ ≤ r̄ℓ.

Lemma 7. (Dai [6, Theorem 4.2].) If every fluid model solution satisfies q̄(T ) = 0 for some

finite T (depending on the initial condition q̄(0)), then the stochastic network is positive

recurrent.

Theorem 5. If λ ∈ int(Λloc), then there exists a local policy that stabilizes the system.

Proof. We construct an explicit stationary randomized local policy and show stability via

the Dai fluid model. Step 1: LP solution with slack. Since λ ∈ int(Λloc), there exists

δ > 0 such that λ + δ1 ∈ Λloc. By Proposition 1, the LP is feasible at λ + δ1. Let

ρ⋆n,α

⋆
n(m,µn), y

⋆T,m
n,ℓ (µn), y

⋆ϕ
n,ℓ(µn)

�
denote a feasible solution. It satisfies:

X

m

X

µn

α⋆
n(m,µn)Rbn(m,µn) ≥ λbn + δ, (3.94)

X

m

X

µn

µℓ y
⋆T,m
n,ℓ (µn) +

X

µn

µℓ y
⋆ϕ
n,ℓ(µn) ≥ λℓ + δ, ∀ ℓ ∈ LAC

n , (3.95)

X

m

X

µp

y⋆T,m
p,bc

(µp) +
X

µp

y⋆ϕp,bc(µp) = ρ⋆c . (3.96)

Step 2: Channel-conditional policy construction. For each n, m, and µn with α⋆
n(m,µn) > 0,

define

zT,m
n,ℓ (µn) :=

y⋆T,m
n,ℓ (µn)

α⋆
n(m,µn)

. (3.97)

By (LP-PNLT) and (LP-TX), zT,m
n (µn) ∈ Conv(ST,m

n ) for each µn. By Theorem 3, each

decomposes into a distribution {pT,m
j (µn)} over at most |Ln|+1 feasible schedules. Similarly

for zIDLE
n,ℓ (µn). Construct policy π̃: at each slot t, independently of Q(t):

(a) Root r: observe µr(t), draw sr ∼ {pIDLE
j (µr(t))}.

(b) Non-root n: if parent activated bn (Mode T ), observe µn(t), draw m with prob-

ability α⋆
n(m,µn(t))/(ρ

⋆
nπµn(t)), then draw sn ∼ {pT,m

j (µn(t))}. If Mode ϕ, draw
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sn ∼ {pIDLE
j (µn(t))}.

This policy is local: each node uses only its mode (from parent) and its own channel µn(t).

By (LP-IND), the total Mode T fraction is ρ⋆n regardless of µn, preserving the independence

property. Coupling (3.96) ensures consistency across the tree. Step 3: Per-link service rates

under π̃. For BH-DL at non-root n:

S̄bn =
X

m

X

µn

α⋆
n(m,µn)Rbn(m,µn) ≥ λbn + δ. (3.98)

For each access link ℓ ∈ LAC
n :

S̄ℓ =
X

m

X

µn

µℓ y
⋆T,m
n,ℓ (µn) +

X

µn

µℓ y
⋆ϕ
n,ℓ(µn) ≥ λℓ + δ. (3.99)

Step 4: Stability via fluid model. Under π̃, the scheduling decisions are i.i.d. across slots and

independent of Q(t). The offered service process {µℓ(t)sℓ(t)}t is i.i.d. (since channels are i.i.d.

and s(t) is drawn from a channel-conditional but Q-independent distribution). The fluid

model replaces stochastic arrivals and service with their means. Each fluid queue satisfies

˙̄q = λ− S̄ · 1{q̄ > 0} with S̄ ≥ λ+ δ. Hierarchical draining. By induction on tree depth:

(i) Root BH-DL queues (q̄bc): ˙̄qbc = λbc − S̄bc ≤ −δ when q̄bc > 0. Drain by time

T0 ≤ maxc q̄bc(0)/δ.

(ii) Post-drain: q̄bc = 0 forces outflow = λbc . Each downstream link receives arrival rate λℓ.

(iii) Depth d: once depth-(d−1) BH queues drain, each depth-d queue has arrival λ and

service S̄ ≥ λ+ δ. Drains in finite time.

All fluid queues reach zero in finite time. By Lemma 7, π̃ is stable. Applicability of Lemma 7.

Our construction satisfies the regularity conditions of [6, Theorem 4.2]: (i) arrivals have

bounded second moments; (ii) the service set is finite; (iii) {µℓ(t)sℓ(t)}t is i.i.d. across slots;
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(iv) BH-DL forwarding uses fixed proportional splitting. Step 5: Conclusion. The stationary

local policy π̃ stabilizes the system for any λ ∈ int(Λloc). □

Stability of FD-LocalMW-BP

We prove stability of Algorithm 3 by induction on tree depth and fluid model.

Estimation of backhaul rate Write µ̄bc := E[Rbc(m
⋆
c ,µc) | sBP

bc
= 1] for the true condi-

tional mean under back-pressure at load λ.

Proposition 2. Since λ ∈ int(Λloc) ⊆ int(Λ), back-pressure stabilizes λ in the simulator

(Lemma 2), and the conditional mean

µ̄bc := Eπ

�
Rbc(m

⋆
c ,µc) | sBP

bc = 1
�

(3.100)

is well-defined under the invariant distribution π of the simulated BP process at load λ. Define

the training estimation error

ϵtrain := max
c

|µ̂bc − µ̄bc |. (3.101)

Then ϵtrain → 0 a.s. as Test → ∞.

Proof. Under BP at λ ∈ int(Λ), the joint process (Q(t),µ(t)) is a positive recurrent Markov

chain with invariant distribution π. Since BP’s scheduling decision sBP(t) is a deterministic

function of (Q(t),µ(t)), the quantities Rbc(m
⋆
c(t),µc(t)) and sBP

bc
(t) are measurable functions

of the chain’s state.

Define the bounded functions

f1(t) := Rbc


m⋆

c(t),µc(t)
�
· 1{sBP

bc (t) = 1}, (3.102)

f2(t) := 1{sBP
bc (t) = 1}. (3.103)

By the Birkhoff ergodic theorem for positive recurrent Markov chains, time averages converge
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to π-expectations almost surely:

1

T

T−1X

t=0

f1(t) → Eπ[f1] = Eπ

�
Rbc · 1{sbc = 1}

�
,

1

T

T−1X

t=0

f2(t) → Eπ[f2] = Pπ(sbc = 1).

(3.104)

Since BP stabilizes λ with λbc > 0, the BH-DL link bc is activated with positive frequency:

Pπ(sbc = 1) > 0. The estimate µ̂bc is the ratio of these two averages:

µ̂bc =

P
t f1(t)P
t f2(t)

=
(1/T )

P
t f1(t)

(1/T )
P

t f2(t)
→ Eπ[Rbc · 1{sbc = 1}]

Pπ(sbc = 1)
= Eπ[Rbc | sbc = 1] = µ̄bc a.s.

(3.105)

The convergence of the ratio follows from the almost sure convergence of numerator and

denominator, with the denominator bounded away from zero. Since |C| is finite, ϵtrain =

maxc |µ̂bc − µ̄bc | → 0 a.s. □

Definition 18. For a non-root node n with λbn > 0, let

R̄(n)
q :=

R T

0
Rbn


m⋆(τ),µn(τ)

�
q̄bn(τ) ūbn(τ) dτR T

0
q̄bn(τ) ūbn(τ) dτ

(3.106)

be the queue-weighted average of the backhaul rate, where m⋆(τ) is the transmit count the

child selects in its Mode-T program, and define the estimation gap

gn := ϵtrain +

µ̂bn − R̄(n)

q

�+
. (3.107)

FD-LocalMW-BP never sees the rate backhaul link delivers, because that rate depends on how

many panels the child transmits on, a local choice the parent cannot observe, so the parent

acts on the µ̂bn instead. This quantity is defined to charge the throughput this substitution

costs. When the parent under-uses a link that could carry more, which does not threaten

stability, µ̂bn is smaller than the R̄
(n)
q . But, when the parent over estimates backhaul link

as if the link ran at µ̂bn while delivers only R̄
(n)
q , then the stability region can be reduced.

Therefore, for arrival rates falling within the estimation gap of the local stability region, such
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over-allocation does not occur, thereby guaranteeing stability.

Definition 19. Let Mn(τ) :=
P

ℓ∈Ln
λℓ q̄ℓ(τ) +

P
c λbc q̄bc(τ) be the λ-weighted backlog at

node n, and let σ be the policy πλ of Step 1 restricted to the mode and channel (θn(τ ),µn(τ ))

realized by FD-LocalMW-BP, with time-averaged service S̄σ
ℓ on access link ℓ and activation

uσ
bc

on child-backhaul link bc. The operating gap is

ζn :=
�
1− lim inf

T→∞

R T

0

P
ℓ q̄ℓ S̄

σ
ℓ +

P
c q̄bc µ̄bcu

σ
bc

�
dτ

R T

0
Mn dτ

�+

, (3.108)

Even with

Definition 20. For a reference load λ ∈ int(Λloc), the relative gap is

ϵ⋆(λ) := sup max
n

�
ζn + max

c:λbc>0

gc
λbc

�
, (3.109)

the supremum taken over all FD-LocalMW-BP fluid trajectories at loads (1−ϵ)λ. When a

node lights up a child link, the added self-interference lowers the rate of the parent backhaul

it receives on, so serving children and receiving from the parent trade off against each other

even when the estimate is exact. The operating gap is defined to charge the throughput a

node loses when local policy resolves that tradeoff from its own queues rather than under

global coordination.

Theorem 6. Let λ ∈ int(Λloc) be the reference load used for BP estimation in the simulator

(Phase 1). Then FD-LocalMW-BP mean-stabilizes λ̃ = (1−ϵ)λ for every ϵ > ϵ⋆(λ).

Proof. Write λ̃ = (1−ϵ)λ with ϵ > ϵ⋆(λ).

Step 1. Phase 1 runs BP at the reference load λ ∈ int(Λloc), which BP stabilizes by

throughput-optimality (Lemma 2). The long-run frequencies with which this run plays each

schedule define a stationary randomized policy πλ, and stability makes its mean service cover

the load, S̄λ
ℓ ≥ λℓ for all ℓ and µ̄bnu

λ
bn

≥ λbn for all n ̸= r. The estimate µ̂bn is the Phase 1
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sample average of the conditional backhaul rate µ̄bn of πλ, so |µ̄bn − µ̂bn | ≤ ϵtrain by the law

of large numbers.

Step 2. In mode θn(τ) and channel µn(τ), FD-LocalMW-BP solves the max-weight

problem over Sn(θn,µn). In Mode T its objective is

Rbn(m) q̄bn| {z }
parent-BH

+
X

ℓ∈Ln

µℓ q̄ℓ sℓ

| {z }
child access

+
X

c

µ̂bc q̄bc sbc

| {z }
child-BH

; (3.110)

In Mode ϕ the parent-BH term is absent.

The reference policy is σ(τ) := πλ(· | θn(τ),µn(τ)) ∈ Conv

Sn(θn(τ),µn(τ))

�
, the Step 1

policy in the same mode and channel. Since FD-LocalMW-BP maximizes the local weight

sum over Sn(θn,µn), its value is at least that of σ; in Mode T ,

Rbn(m
⋆)q̄bn +

X

ℓ

q̄ℓr̄ℓ +
X

c

µ̂bc q̄bcūbc ≥ Rbn(m
σ)q̄bn +

X

ℓ

q̄ℓS̄
σ
ℓ +

X

c

µ̂bc q̄bcu
σ
bc . (3.111)

When q̄bn is zero, (3.111) reduces to

X

ℓ∈Ln

q̄ℓ r̄ℓ +
X

c

µ̂bc q̄bc ūbc ≥
X

ℓ∈Ln

q̄ℓ S̄
σ
ℓ +

X

c

µ̂bc q̄bc u
σ
bc . (3.112)

Step 3: Induction on depth. We induct on depth d, showing that some finite Td makes

every fluid queue at depth ≤ d vanish for τ ≥ Td. As the tree has finite depth D, all fluid

queues then vanish by TD < ∞, and by Lemma 7, the network is stable. Both cases run the

same drift for a node n from a time τ0 at which (3.112) holds and the arrivals obey āℓ ≤ λ̃ℓ

and ābc ≤ λ̃bc .

Base case (d = 0). The root has no parent, so (3.112) holds for all τ , and its external

arrivals satisfy āℓ ≤ λ̃ℓ and ābc ≤ λ̃bc . Take τ0 = 0.

Inductive step. Assume every fluid queue at depth ≤ d is zero for τ ≥ Td, and let n

have depth d+1 with parent p. The queue q̄bn resides at p, which has depth ≤ d. By the
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hypothesis, q̄bn(τ) = 0 for τ ≥ Td and (3.111) reduces to (3.112). Since the length of q̄bn(τ)

does not change, arrival rate should be less or equal to service rate; otherwise, q̄bn(τ) ̸= 0.

ābn(τ)− R̄bn(τ) ūbn(τ) ≤ 0, τ ≥ Td, (3.113)

Because the parent keeps a separate backhaul queue q̄
(ℓ)
bn

for each downstream access link

ℓ ∈ subtree(n), (3.113) holds for each flow, and by flow conservation each access link inherits

āℓ(τ) ≤ λ̃ℓ and each child link ābc(τ) ≤ λ̃bc for τ ≥ Td. Take τ0 = Td.

Drift. Let V̄n(τ) :=
P

ℓ∈Ln
q̄2ℓ +

P
c q̄

2
bc

. Where all fluid queues at n are positive,

1
2

dV̄n

dτ
=

X

ℓ

q̄ℓ

āℓ − r̄ℓ

�
+
X

c

q̄bc

ābc − R̄bc ūbc

�
. (3.114)

For τ ≥ τ0, writing R̄bcūbc = µ̂bcūbc + (R̄bc − µ̂bc)ūbc , applying (3.112), and using µ̂bcu
σ
bc

≥

µ̄bcu
σ
bc
− ϵtrain,

1
2

dV̄n

dτ
≤

X

ℓ

q̄ℓāℓ +
X

c

q̄bc ābc

| {z }
(a)

−
�X

ℓ

q̄ℓS̄
σ
ℓ +

X

c

q̄bcµ̄bcu
σ
bc

�

| {z }
(b)

+ ϵtrain
X

c

q̄bc −
X

c

q̄bc

R̄bc − µ̂bc

�
ūbc

| {z }
(c)

.

(3.115)

Integrate over [τ0, T ] and bound the three groups.

(a): With āℓ ≤ λ̃ℓ = (1−ϵ)λℓ and ābc ≤ (1−ϵ)λbc ,

Z T

τ0

�X

ℓ

q̄ℓāℓ +
X

c

q̄bc ābc

�
dτ ≤ (1−ϵ)

Z T

τ0

Mn dτ. (3.116)

(b): By the definition (3.108) of ζn, for any δ > 0 and for all T ,

Z T

τ0

�X

ℓ

q̄ℓS̄
σ
ℓ +

X

c

q̄bcµ̄bcu
σ
bc

�
dτ ≥ (1− ζn − δ)

Z T

τ0

Mn dτ, (3.117)
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(c): The backhaul rate enters directly through R̄
(c)
q of (3.106) with ūbc ≤ 1,

ϵtrain

Z T

τ0

X

c

q̄bc dτ −
Z T

τ0

X

c

q̄bc

R̄bc − µ̂bc

�
ūbc dτ ≤

X

c

gc

Z T

τ0

q̄bc dτ ≤ max
c

gc
λbc

Z T

τ0

Mn dτ,

(3.118)

where the last step uses
P

c λbc q̄bc ≤ Mn.

Combining (3.116)–(3.118),

V̄n(T )− V̄n(τ0) ≤ −2
�
ϵ− ζn − δ −max

c

gc
λbc

�Z T

τ0

Mn dτ = −2κn

Z T

τ0

Mn dτ, (3.119)

with κn := ϵ− ζn − δ −maxc(gc/λbc). Since ϵ > ϵ⋆(λ) strictly, κn > 0.

Let λmin := min{λi : λi > 0, i incident to n}. Then Mn ≥ λmin

P
ℓ q̄ℓ +

P
c q̄bc

�
≥

λmin

p
V̄n, so (3.119) yields d

dτ

p
V̄n ≤ −κnλmin on [τ0, T ] wherever V̄n > 0, hence

q
V̄n(τ) ≤

q
V̄n(τ0)− κnλmin(τ − τ0)

�+ (3.120)

and every fluid queue at n reaches zero by τ0 +
p
V̄n(τ0)/(κnλmin) and stays there. In the

base case (τ0 = 0) this gives a finite T0; in the inductive step (τ0 = Td),

Td+1 ≤ Td +

p
V̄n(Td)

κnλmin

< ∞, (3.121)

completing the induction. □

Remark 1. Since ϵ⋆(λ) is usually positive, FD-LocalMW-BP cannot stabilize every rate

in Λloc. To confirm that this gap is nonetheless small, we turn to simulation. The gaps are

abstract, defined through the reference policy πλ and a supremum over fluid trajectories, so

we instead observe similar observable quantities. The integral defining R̄
(n)
q in (3.106) runs

over the full horizon, which the simulation truncates to its finite run length, and the resulting

finite-time average returns gn through (3.107). Since it is hard to compute (3.108) through

numerical analysis, it is estimated from the BP reference load λ that defines πλ in Step 1.

61



Let Ŝℓ(θ,µ) and ûbc(θ,µ) be the empirical service and activation of that run conditioned on

mode and channel. Then, ζn can be approximately obtained as

ζn ≈
�
1−

R T

0

P
ℓ q̄ℓ Ŝℓ(θn,µn) +

P
c q̄bc µ̂bc ûbc(θn,µn)

�
dτ

R T

0
Mn dτ

�+

, (3.122)
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Chapter 4

Numerical Results

4.1 Simulation Setup

We evaluate the proposed scheduling algorithms on the FD-IAB tree shown in Fig. 4.1. The

network consists of one IAB donor and ten non-donor IAB nodes arranged in a multi-hop

tree. Each IAB node is equipped with P = 4 directional panels. Each panel can be assigned

to at most one incident link in a slot, while different panels at the same IAB node may be

used simultaneously for transmission and reception under full-duplex operation. Both access

and backhaul links are modeled in downlink and uplink directions.

The backhaul and access link distances are randomly generated. For each backhaul link,

the distance between the parent IAB and the child IAB is drawn uniformly from [340, 440] m.

For each access link, the UE distance from its serving IAB is drawn uniformly from [10, 200]

m. Each panel independently serves a uniformly random number of UEs from [0, 5].

Packets arrive exogenously at the source queues according to i.i.d Poisson random process.

The aggregated mean of uplink and downlink is denoted by λ Mbps. Unless otherwise stated,

the uplink traffic ratio is set to 0.1, and the remaining traffic is downlink traffic. The mean is

chosen to be the same for each UE.

The physical layer parameters are summarized in Table 4.1. We use carrier frequency
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Table 4.1: Simulation parameters.

Parameter Value
Carrier frequency fc = 23 GHz
Bandwidth B = 1 GHz
Slot duration Ts = 125 µs
Packet size Lpkt = 100 kbits
Noise power spectral density −174 dBm/Hz
IAB receiver noise figure 5 dB
UE receiver noise figure 7 dB
Path-loss model 32.4 + 21 log10(d) + 20 log10(fc) dB
BH transmit power 24 dBm
BH beamforming gain 40 dB
AC-DL transmit power 24 dBm
AC-DL beamforming gain 30 dB
AC-UL transmit power 23 dBm
AC-UL beamforming gain 23 dB
Backhaul distance Uniform in [340, 440] m
Access distance Uniform in [10, 200] m

fc = 23 GHz, bandwidth B = 1 GHz, slot duration Ts = 125 µs, and packet size Lpkt = 100

kbits. The path loss at distance d meters is PLdB(d) = 32.4 + 21 log10(d) + 20 log10(fc). The

noise power spectral density is −174 dBm/Hz. The receiver noise figures are 5 dB for IAB

receivers and 7 dB for UE receivers. For backhaul links, the transmit power is 24 dBm and

the beamforming gain is 40 dB. For access downlink links, the transmit power is 24 dBm

and the beamforming gain is 30 dB. For access uplink links, the UE transmit power is 23

dBm and the total beamforming gain is 23 dB. Following [18], we consider Rician fading for

access links with K factor as 13 dB for LOS links and 6 dB for NLOS links. The fadings are

independently generated in each slot. During the estimation phase, each flow source adds

virtual packets to its real arrivals so that the effective arrival rate is 1.05 times the real rate.

These virtual packets are routed and scheduled identically to real packets, so back-pressure

activates the backhaul links slightly more often, but they are discarded at the destination

and excluded from all reported metrics.
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Donor, IAB0

IAB1

IAB2

IAB3 IAB4 IAB5 IAB6

IAB7 IAB8 IAB9 IAB10

Core Network

Figure 4.1: Simulated IAB topology.

Scheme Duplex Information BH-DL rate used

MaxWeight Full Global True rate Rbn(m)
BP-FD Full Global True rate Rbn(m)
BP-HD [8] Half Global No-SI rate Rbn(0)
FD-LocalMW-BP Full Local Estimated weight µ̂bn

Optimistic Full Local No-SI rate Rbn(0)
Pessimistic Full Local Worst-case rate Rbn(P−1)

Table 4.2: Schedulers compared in the evaluation.

Scheduling Policies for Comparison

We consider the following six policies for comparison.

Figure 4.2 plots the mean UE delay against the arrival rate λ, at three self-interference

levels INR ∈ {−10, 0,+10} dB. The half-duplex scheme BP-HD behaves the same at every

INR, since it avoids self-interference, but becomes unstable beyond 130 Mbps, whereas the

full-duplex schemes stay stable far past that point, an advantage that narrows but persists as

INR rises. The three baselines and the proposed scheme reach stable regions comparable to

those of the global schedulers, and they differ only in how often each activates the backhaul.
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(a) INR = −10 dB
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(b) INR = 0 dB
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(c) INR = +10 dB

Figure 4.2: Mean delay versus arrival rate λ, at three self-interference levels.
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(b) λ = 120 Mbps
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(c) λ = 160 Mbps

Figure 4.3: Mean delay versus self-interference (INR), at three arrival rates.

Optimistic assumes the highest rate and over-activates the backhaul, on a rate that the

child’s concurrent transmissions then drive below what the weight predicted and achieve low

throughput and high delays. FD-LocalMW-BP instead activates the backhaul at about the

frequency the child can absorb. As INR rises, the edge of every full-duplex scheme moves

to a lower arrival rate, because each activation then drains little while still pinning a child

panel under self-interference. At INR = +10 dB Pessimistic reaches a lower delay than

FD-LocalMW-BP, since activation is rarely worth its cost at this low rate. This advantage is

narrow and specific to this regime, and the next subsection examines the mechanism behind

the inversion.
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Figure 4.3 demonstrates the mean UE delay against the self-interference level INR for

all seven schedulers, at three fixed arrival rates λ ∈ {80, 120, 160} Mbps. At 80 Mbps, as

the arrival rate is sufficiently small, even with high SI, network keeps stability and small

delay. At 120 Mbps, as INR grows, BP-FD increasingly avoids self-interference by separating

transmission and reception into different slots, so it behaves like a half-duplex node and its

performance converges to that of BP-HD. Among the local schemes FD-LocalMW-BP is

the most robust to self-interference, with its delay staying low and nearly flat and reaching

only about 1.2 ms at 40 dB. On the other hand, delay of Pessimistic diverges since it always

evaluates the backhaul-DL link at the worst-case self-interference level. As INR grows, the

rate Rbc(P−1) it assigns to the link falls toward zero, so its backhaul weight shrinks and

the parent almost stops activating the link. The packets waiting for the whole downstream

subtree can then no longer be forwarded, the backhaul-DL queues keep growing, and the

delay diverges. At 160 Mbps, as HD can not sustain such a large arrival rate, the network

becomes unstable beyond 10 dB.

Figure 4.4 plots the mean UE delay against the arrival rate λ at INR = 0 dB for each

tree depth 0–3, the number of backhaul hops from the donor. The minimum delay grows

with depth since an end-to-end delay adds one queueing delay per hop and deeper UEs

accumulate more hops. The half-duplex baseline BP-HD stays as low as the full-duplex

schemes at the donor, which has no parent and serves its own UEs in every slot, but at

depth 1 an inflexibility of HD cannot sustain even 130 Mbps. Among the full-duplex schemes

only Pessimistic and FD-LocalMW-BP swap positions with depth, because activating the

backhaul costs the child a serving slot and pays off only when its backhaul queue is large

enough to be worth draining. At shallow depth the backhaul queues hold the aggregated

traffic of large subtrees, so draining them helps the whole subtree and Pessimistic, which

activates least, sits above FD-LocalMW-BP. At depth 3 the queue is small, so activating

mostly pins the child to reception and delays its own UEs, and Pessimistic falls slightly below

FD-LocalMW-BP. Optimistic activates most at every depth and stays highest throughout,
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(b) 1-hop
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(c) 2-hop
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(d) 3-hop

Figure 4.4: Mean UE delay versus arrival rate λ at INR = 0 dB, shown separately for each
tree depth.

while FD-LocalMW-BP activates often enough to clear the large shallow queues yet not so

often as to pin the lightly loaded depth-3 nodes.

Figure 4.5 shows the CDF of per-packet delay at λ = 120 Mbps and INR = 0 dB. The

global schedulers MaxWeight and BP-FD have almost no tail, and FD-LocalMW-BP closely

follows them, so its slowest packets are served nearly as quickly. The other local baselines

instead develop a long tail, and the half-duplex baseline BP-HD has the heaviest tail by

a wide margin since it cannot exploit FD operation. A heavy tail pulls the mean delay

up, which is why the baselines report higher mean delays. This matches the mechanisms

seen earlier, since Optimistic over-activates the backhaul on a rate the child cannot deliver
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Figure 4.5: CDF of individual delay at λ = 120 Mbps and INR = 0 dB.

and Pessimistic under-activates it, so in both a fraction of packets wait through repeated

misallocations and form the tail, while FD-LocalMW-BP keeps that fraction small using only

local information.

Figure 4.6 shows, for each active backhaul-DL link with 120–200 Mbps, the difference

between the estimated weight µ̂bn and the realized backhaul-DL rate R̄
(n)
q , where R̄

(n)
q is the

rate the link actually delivers averaged over the active backhaul slots and weighted by the

backhaul queue Qbn of each slot. The difference is negative for essentially every sample, so

R̄
(n)
q exceeds the estimated weight almost everywhere. Only its positive part adds to the

margin ϵ⋆(ν) of Theorem 6, so this contribution is negligible. The weighting by Qbn is the

reason. The slots with the largest Qbn dominate the average, and on those slots the child holds

its transmit count low, since the backhaul term Rbn(m)Qbn then dominates its panel objective

and a lower transmit count protects the backhaul-DL reception from self-interference. A

lower transmit count means a higher realized rate, so the large-Qbn slots that dominate R̄
(n)
q

are exactly the high-rate slots, which pulls R̄
(n)
q above the estimated weight µ̂bn measured

under back-pressure.
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Figure 4.6: Distribution of the difference between the estimated weight µ̂bn and the backhaul-
DL rate R̄

(n)
q over all active backhaul-DL.

Figure 4.7 plots maxn ζn, estimated from the simulation through (3.122), against the

arrival rate at three self-interference levels. Inside the local stability region the gap stays

close to zero at every node and every self-interference level. The gap departs from zero only

as the arrival rate approaches the boundary of that region, where the backhaul queue is so

large that the backhaul is already activated almost every slot, leaving no further activation

to draw on.

71



�� ��� ��� ��� ��� ��� ���

������������� �������

���

���

���

���

���

���

���

�
�
�

�
�

���� �����

���� �����

���� ������

Figure 4.7: Approximated maxn ζn of 3.122.
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Chapter 5

Conclusion

In conclusion, this work first implemented backpressure scheduling and max-weight scheduling

through a dynamic programming approach for the full-duplex IAB scheduling. Furthermore,

we constructed a local schedule through learning with a global algorithm and analysed the

stability region of the scheduling. We also empirically show that a local algorithm with low

control overhead can achieve a comparable stability region. Since the scheduling-dependent

weight is not restricted to a certain form in this work, we believe that it can be easily expanded

to other forms.

Several possible future improvements are relevant. Firstly, the network structure can

be generalised. Since this work used a tree structure, all routes of packets are uniquely

determined. This can be expanded to a general directed acyclic graph (DAG) where multiple

routes of packets are possible. In that problem, both routeing and activation problems

should simultaneously be considered. Another future research direction is constructing age-of-

information (AoI)-based policy. Since the backpressure policy suffers from high delays due to

a single flow limitation of a link, an AGI-based approach can enhance the delay much better.
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