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Abstract—We investigate a multi-aerial intelligent reflecting
surface (AIRS)-assisted orthogonal frequency-division multiple
access (OFDMA) downlink under per-user statistical-CSI rate
constraints. This paper develops a unified framework that jointly
optimizes continuous AIRS placement, reflecting phase shifts,
binary subcarrier assignment, and power allocation to maxi-
mize the system sum rate under fixed power and bandwidth
constraints. The resulting optimization problem is formulated
as a coupled non-convex mixed-integer program. To solve it,
we propose a multi-start block-coordinate-descent algorithm that
alternately optimizes AIRS placement, phase shifts via semidef-
inite relaxation, user—AIRS association, and OFDMA resource
allocation via Lagrangian dual decomposition. Simulation results
show that the proposed joint design consistently outperforms
baselines that omit placement optimization, omit phase-shift
optimization, or omit the AIRS entirely, across varying numbers
of reflecting elements, users, and AIRS units. Furthermore,
instantaneous-CSI evaluation confirms the effectiveness of the
statistical-CSI design, while two-timescale resource adaptation
and full per-realization re-design provide benchmarks for the
adaptation gain and the achievable upper bound, respectively.

Index Terms—Aerial intelligent reflecting surface (AIRS), re-
source allocation, block coordinate descent.

I. INTRODUCTION

Future wireless networks are increasingly required to pro-
vide high-rate and reliable coverage in locations where terres-
trial infrastructure is congested, obstructed, damaged, or un-
available. Two complementary technologies have been widely
considered for this purpose: intelligent reflecting surfaces
(IRSs) and unmanned aerial vehicle (UAV) base stations.
In an IRS-aided link, the propagation environment can be
reconfigured by low-cost passive reflecting elements whose
phases strengthen desired signals or suppress interference [1],
with modeling and optimization methods surveyed in [2].
In parallel, UAV-mounted base stations provide on-demand
coverage through controllable three-dimensional deployment,
as illustrated by energy-efficient coverage optimization under
QoS requirements [3].

Mounting the IRS on a UAYV, forming an aerial IRS (AIRS),
combines aerial deployment flexibility with passive radio-
environment control: the reflecting surface can be repositioned
to improve the cascaded base-station—AIRS—user links while
avoiding an active radio-frequency chain at each element.
The potential of UAV-IRS integration for air-ground networks
has been discussed in [4]. For OFDMA systems, sum-rate

maximization with a UAV and a terrestrial IRS has been
formulated in [5], where UAV trajectory, IRS scheduling, and
communication resource allocation are jointly optimized. Prac-
tical limitations caused by imperfect IRS phase compensation
and energy constraints have been considered in [6]. UAV-
based multi-IRS networks with IRS association, UAV altitude,
and phase-shift design have also been studied for sum-rate
maximization in [7].

Despite this progress, the joint design of a multi-AIRS
OFDMA downlink remains challenging. Because each sub-
carrier serves at most one user, the per-user rate depends on
the binary subcarrier assignment, power, reflection phases, and
AIRS placement, all of which are tightly coupled through
the cascaded BS—AIRS—user channel and per-user quality-of-
service (QoS) constraints; optimizing only a subset of these
variables is therefore generally suboptimal.

Existing studies tackle important subsets of this coupled
problem. In multi-UAV IRS-enhanced NOMA networks, UAV
placement, transmit power, IRS reflection, and decoding or-
ders are jointly optimized [8], but without binary OFDMA
scheduling or per-subcarrier power control. A multi-UAV
IRS-assisted OFDMA framework with Rician modeling and
patch scheduling pursues fair sum rate via deep reinforcement
learning [9], whereas joint placement, BS beamforming, and
phase-shift design are treated for a single UAV-mounted IRS
n [10]. Multiple UAV-carried RIS panels are embedded in a
massive-MIMO network in [11], and trajectory—phase design
targets IRS-UAV covert communication in [12]. To the best
of our knowledge, however, no AIRS study jointly optimizes
binary OFDMA subcarrier assignment, per-subcarrier power,
continuous AIRS placement, and reflection phases under ex-
plicit per-user QoS in a multi-AIRS downlink. This paper
addresses this gap through the following contributions.

o We formulate a downlink multi-AIRS OFDMA problem
that jointly optimizes AIRS placement, reflection phases,
binary subcarrier assignment, and power under per-user
QoS, coupling aerial deployment, passive beamforming,
and OFDMA resource allocation. The resulting formu-
lation uses penalized slack variables to handle residual
infeasibility [13].

¢ We propose a multi-start BCD algorithm whose phase,
placement, and resource blocks use penalized SDR, trust-



Fig. 1.

System model of an AIRS-assisted OFDMA downlink.

region SCA, and a Lagrangian dual method, respectively,
together with channel-aware user—AIRS association.

o Through ablation studies against baselines that omit
placement optimization, omit phase-shift optimization,
or omit the AIRS entirely, together with Monte Carlo
evaluations under instantaneous CSI, we quantify the
benefits of joint optimization and validate the robustness
of the statistical-CSI-based design.

The remainder of the paper is organized as follows. Sec. II
presents the system model and problem formulation. Sec. III
develops the proposed algorithm. Sec. IV reports the numerical
results, and Sec. V concludes the paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a multi-AIRS-assisted OFDMA downlink, il-
lustrated in Fig. 1. A single-antenna base station (BS), located
at q® = [rp,yB, 28|, serves K single-antenna ground users
at positions q¥ = [y, yk, zx), k € K= {1,..., K}, through
the assistance of U aerial IRSs at qR = [z, yu, 2u), u €UE
{1,...,U}, each flying at a common altitude z,, = Hy. Each
AIRS hosts M = N? passive reflecting elements arranged in
an N x N uniform planar array (UPA) parallel to the ground,
with inter-element spacing d.. The reflection of the u-th AIRS
is modeled by the diagonal phase-shift matrix @,, =diag(8.,),
where 0, = [e/Vuw1 ... eIPun]T and 9, ,, € [0, 27). The users
are initially partitioned into U disjoint clusters via a channel-
aware K-means association map 7 : K — U, which is later
refined inside the optimization loop.

A. Channel Model

The total bandwidth B is divided into I orthogonal sub-
carriers of spacing Af, and each subcarrier is allocated to at
most one user. Because the AIRSs operate at high altitude, the
BS-AIRS links are modeled as pure LoS, while the BS—user
and AIRS-user links are Rician, following [5]. For subcarrier

i€Z£{1,... 1}, the BS-AIRS channel hB% € CM>1 is
zAf BR
Y e (aN< M@an (), (1)
where d®f = ||® — of|, is the channel gain
at 1m, c¢ is the speed of hght, and apy(u) =
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is the steering vector

w1th carrier wavelength A, and uBR = (zp — =,)/dBR,
=(yp—1yu)/dER are the direction cosines.

The direct BS-user channel hi$ € C and the AIRS-user

channel hi$, ; € CM*! admit the Rician decompositions
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B. Effective Channel and Achievable Rate

For user k served by AIRS w = w(k) on subcarrier ¢,
the effective end-to-end channel power is ¢, = [hgS +
(hEGu )7 ©,h5R 2. Following [8], taking expectation over the
small-scale fading yields the deterministic surrogate
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K1 = 1y, and kg = 1+Kﬁ The corresponding SNR is
SNRy.; = pi,iE{ck,i}/0?, where py; is the power allocated
to user k on subcarrier i and 02 =NyAf is the per-subcarrier

noise power. The achievable rate of user & is

I
Ry =) sk.ilogy(1 + SNRg,), 5)

i=1
where si; € {0,1} indicates that subcarrier ¢ is assigned to
user k. Reflections from non-associated AIRSs are neglected.

C. Problem Formulation

Let Q = {CIE}u’ 0 = {eu}w S = {Sk,i}k'yi’ and
P = {px,i}x.. The joint sum-rate maximization problem is
formulated as

max
Q,0,S,P

Z Ry (6)
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Yy,m €10, 27), Yu,m. (6d)



Constraint (6a) enforces exclusive binary subcarrier allocation;
(6b) caps the total transmit power at Pp.x; (6¢) imposes a
minimum per-user statistical-CSI surrogate-rate target R.in;
and (6d) restricts each phase shift to [0,27). To handle
potential infeasibility of (6¢), we introduce non-negative slacks
¢={¢,}_, and adopt the slack-penalty reformulation [14]

(P’): Z Rp — A Z G (7)
s.t. (6a), (6b), (6d),
Rk + Ck Z Rmiru Ck 2 07 Vkv (73.)

where A >0 is geometrically ramped between A i, and Ay ax
across outer iterations to drive ), (; — 0 at convergence.
Problem (7) is a non-convex mixed-integer program due to
the binary S and the nonlinear coupling between ® and Q.
The next section develops a tractable BCD-based algorithm.

III. PROPOSED ALGORITHM

Problem (7) is jointly non-convex in (Q,®,S,P) and
contains binary variables. Therefore, we solve it using a multi-
start block coordinate descent (BCD) algorithm that alternates
among four blocks: phase ®, placement Q, resource allocation
(P,S), and user—AIRS association 7. Each block is replaced
by a tractable convex surrogate, while an outer loop gradually
increases the penalty on the QoS slack variables to drive them
toward zero.

A. Phase-Shift Block (©)

With (Q, S, P) fixed, the deterministic LoS component of
the cascaded BS—AIRS—user channel can be written as by, ,, ; £

(thu )" diag(hi), which gives [ARS+(hES, )" ©,hY%|* =
|h >+ by i 0 «|?. Defining hkuz [bkm,h,”] and v, =
[0;';, 1]7, and introducing the lift V,, = v, v, the expected

channel power (4) becomes

]E{Ck.i} = Tr(Hk,u,iVu) + Wk u, ®)

. —K M —K
with Hk,u i = hk u, zh (dBG)l + (d2§f)(5/(d§rz))2'
Each V, > 0 is Hermitian with unit diagonal and rank one.
The phase block then reads

K
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=1, V, =0, rank(V,)=1.
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For any nonzero V,, =0, the gap ||V |« —||Vull2>0 is zero

if and only if rank(V,)=1, where || - || and || - ||2 denote the

nuclear norm (sum of singular values) and the spectral norm

(largest singular value), respectively. This yields the penalized

problem
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where (, > 0 is the rank-penalty weight, ramped between
Cu,min and (y, max across inner iterations to drive each V,,
toward rank one. Since —||'V |2 is concave, it is replaced by
its first-order expansion at the current iterate Vg"), yielding
a convex SDP that is solved by CVX-MOSEK [15] at each
inner iteration. The reflection vector is then recovered from the
dominant eigenvector of V7, followed by per-element unit-
modulus projection.

B. Placement and User-AIRS Reassociation (Q,)

With (©,S,P) fixed and altitudes fixed at Hp, only the
horizontal coordinates (z.,%,) are optimized. To convexify
the distance-dependent terms in (4) we introduce squared-
distance upper bounds fij, ,, > [|af—q$||? and ., > [|qB—qf||%,
and write a lower bound on the per-subcarrier expected gain
as

b
|hEG2 lafuz 20ku7 +ﬂflfl (11)
p Pyt (o)

Inequality (11) is obtained by substituting the squared-distance
bounds ., and pi,, into the expected gain (4) and by locally
lower-bounding the resulting distance-dependent terms around
the current AIRS locations. Here, following the distance-
normalized cascaded-channel convention used in [8], the LoS
cascaded gain is evaluated at iteration n as

b A ke (bFS,)T@(VRER,

where hRG , and hBR denote the corresponding LoS steering
vectors w1th0ut dlstance dependent path loss. The constants

(12)

Cz,uz ‘bkuz|2+Mﬁ(ﬂ_’i2)> (13)
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are frozen within a single placement update. The first dis-
tance term is linearized by a first-order Taylor expansion
at (u,inz7ug")) The second term is handled according to
the sign of Ck’m: for C’,E:”w- > 0 the Taylor expansion
remains a valid lower bound; for C,E,W < 0 we invoke the
arithmetic—geometric mean inequality 2v/ab < pa+b/p, with
pm = (u,in)) '/2/1{" yielding a convex bound that can
be handled b7y standard convex solvers. The resulting sub-
problem (P-Q) is convex and solved by CVX-MOSEK [15].
Since the bounds are local surrogates constructed around the
current AIRS locations, the placement update is restricted to a
neighborhood in which these approximations remain reliable.
Specifically, we impose the adaptive trust-region constraint

(a) ™|l < 4.

Each candidate is accepted only if the true sum rate from (4)
does not decrease, in which case J,. is enlarged; otherwise it is
rejected and 9, reduced. This guarantees a monotonically non-
decreasing sequence of true sum rates within the placement
block.

After the placement update, the initial &-means association
may no longer be channel-optimal. For every pair (k,u) we

R
Hqu -



evaluate the score Ji., = + 3, [hES + (hRS, )7 ©,hBR 2 +
W, 1.€., the mean per-subcarrier channel power user k£ would
see from AIRS w under the current design, and reassign k to
arg max,, Jy ., only if the score improves by more than a fixed
margin (5% in our experiments), which prevents association
oscillation across outer iterations; an empty-cluster safeguard
reassigns one user to any AIRS that would otherwise have no

associated users.

C. Subcarrier and Power Block (S,P)

With (Q, ©) fixed and effective gains g ; = E{ck,i}/0?,
the subcarrier and power block reduces to

(P3): max zijk —Aikjck,
s.t. (6a), (6b), (7a).

5)

A direct mixed-integer solve scales poorly with 1K, so we
exploit the OFDMA decoupling and apply Lagrangian dual de-
composition [16]. Dualizing (7a) with multipliers A€ [0, A]¥,
where the slack penalty A upper-bounds the optimal QoS
duals, and (6b) with v > 0, the partial Lagrangian decouples
across (i, k) and admits the closed-form water-filling solution

+
* _ | 14X, 1
pk,i()‘7y) - [U1n§ - gkz:| ’

spiA ) =Hk= arglglax b i},

(16)
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with score ¢y ; = (14 i) logy (14gk.,ipy; ;) —vp ;- The duals
are updated by an outer loop: v by geometric bisection so
that Z,“p;z = Phax, and the QoS duals )\ are updated
by projected subgradient steps over [0, A]. The dual iterations
are warm-started from an LP relaxation of (P3), followed by
a repair step and a final continuous power-allocation update
under the recovered binary assignment. This avoids solving
a mixed-integer linear program (MILP) while preserving the
OFDMA assignment structure.

D. Overall Algorithm and Complexity Analysis

The proposed method alternately updates the phase shifts,
AIRS locations, user—AIRS associations, and OFDMA re-
source variables while ramping the QoS-slack penalty when
needed. Since (P’) is non-convex, the resulting BCD procedure
is embedded in a multi-start framework: several initial AIRS
placements are generated around user-cluster centroids and
projected onto the service region, and the best feasible solution
is retained. If no initialization yields a feasible point, the
best penalized solution is kept as a fallback. The complete
procedure is summarized in Algorithm 1.

Complexity. The dominant cost is the phase-shift semidefi-
nite program (SDP). Per BCD iteration, the phase block solves
U SDPs of size (M+1) x (M+1) at the worst-case interior-
point cost O(TeU (M+1)*5) of semidefinite relaxation [17],
with T inner penalty iterations; the placement block solves
a convex trust-region subproblem at O(Tjoc(KU+I)3) over
Tioc trust-region iterations; and the resource block replaces
an explicit mixed-integer solve by Ty, dual updates of cost

Algorithm 1 Multi-Start BCD for Joint Phase, Placement,
Reassociation, and Resource Allocation

1: InplIt: Nst, NBCDa (AminyAmax), (Cv,mina Cv,max), tolerance €.
2: for s = 1 to Ng do

3: Initialize QSO , association map 71'(0), and phase vector 6(0); set
A« Amin .

4 repeat

5: Phase: solve (10) with ramped (, and recover e@+1),

6: Placement: solve the trust-region SCA subproblem in Sec. III-B;
accept the candidate only if the true sum rate is non-decreasing.

7: Reassociation: update w(nt1) using the fixed-margin (5%) score
rule in Sec. III-B.

8: Resource: update (S, P) using the dual-decomposition method in
Sec. III-C.

9: if 3°, (i > 0 then

10: A<+ min(2A, Amax)-

11: until |[R(™) — R~ | < € or n = Ngcp

12: Record the final sum rate and feasibility status.

13: Output: the feasible start with the highest sum rate; if no start is feasible,
output the best penalized solution.

O(IKlog(1/e,)) each, plus a one-off LP warm start. The
overall complexity is Ng7pcp times the sum of these per-
block dominant-order estimates.

IV. NUMERICAL RESULTS

We evaluate Algorithm 1 on an AIRS-assisted OFDMA
downlink over a semi-annular service region with inner and
outer radii of 500m and 1000m. Users are placed i.i.d.
uniformly in this region, and the BS is at (0,0,30) m; the
remaining parameters are listed in Table I. The design curves
are averaged over 30 random trials, each trial corresponds to
an independent random drop of the K user locations in the
service region, while the instantaneous-CSI evaluations use 50
Monte Carlo (MC) draws per trial.

We compare four schemes: Joint, executing all four blocks;
Phase+RA, which skips the placement update but retains
the multi-start AIRS position sampling and optimizes phase,
subcarrier assignment, and power; Loc+RA, which skips the
phase-shift update (¢, = 0, i.e., ®, = I) and optimizes
placement and resources; and No-AIRS, which uses only
the direct BS—user link. In Figs. 3-5, solid lines report the
statistical-CSI (S-CSI) deterministic design rate, while markers
show the MC mean rate of the frozen S-CSI design under
instantaneous CSI. A design-line segment is solid when at
least 95% of the users, aggregated over all design trials, satisfy
the QoS target, and dashed otherwise. For the Joint scheme,
we also report two instantaneous-CSI references to quantify
the gap between the statistical-CSI design and realization-
wise adaptation. The two-timescale (TS) reference freezes
the S-CSI optimized AIRS locations, phase shifts, and user—
AIRS association, and re-optimizes only the OFDMA resource
block for each instantaneous channel realization, in the spirit
of two-timescale IRS designs that fix passive beamforming
on statistical CSI while adapting the short-term variables on
instantaneous CSI [18]. The full-EXACT reference re-runs
all four blocks for each realization and, since it solves the
complete BCD problem per realization, serves only as an
offline upper-reference benchmark.



TABLE I

SIMULATION PARAMETERS.
Param. Value Param. Value
K 10 (8-20) I 64
U 3 (1-4) Prmax 40dBm
M 36 (16-64) | No —169 dBm/Hz
Hy 120 m Af 15kHz
K1, Kz 5,10 fe 3GHz
a, o 4,2 Ruin 1 bit/s/Hz
de A2 Nst 10
NBCD 20 € 0.05

70 T T T T T T T T T

W
=
T

Sum rate (bit/s/Hz)
S
(=3

)
=
T

20

0 2 4 6 8 10 12
BCD iteration

20

Fig. 2. Joint sum rate vs. outer BCD iteration for several M.

Fig. 2 plots the Joint sum rate versus the outer BCD iteration
index. The observed objective is non-decreasing and stabilizes
within the BCD iterations for all tested values of M.

Increasing the number of reflecting elements improves the
performance of the schemes that optimize the AIRS phase
shifts, as shown in Fig. 3 for K = 10 and U = 3. Among
the S-CSI-based designs, the ordering Joint > Phase+RA >
Loc+RA > No-AIRS holds for all tested values of M. The
Joint—Phase+RA gap is smaller than the Phase+RA-Loc+RA
gap, indicating that phase-shift optimization provides a larger
gain than horizontal AIRS repositioning in this setting. Joint
and Phase+RA remain QoS-feasible and are plotted with solid
curves, whereas Loc+RA and No-AIRS are QoS-infeasible for
all tested values of M.

The effect of user loading is summarized in Fig. 4. As K in-
creases, the fixed power and bandwidth must be shared among
more QoS-constrained users, and the sum rate decreases for
all AIRS-equipped schemes. Joint and Phase+RA remain QoS-
feasible for K < 12 (solid segments) and become infeasible
for larger K (dashed segments), as the limited power and
bandwidth can no longer support every user. Loc+RA degrades
earlier, while No-AIRS violates QoS for at least one user in
>86.7% of trials at every K.

The benefit of deploying multiple AIRSs is shown in Fig. 5.

80 T T T T
®  Joint ¢ No-AIRS
70k = Phase+RA Two-timescale i
A LoctRA Full EXACT
60} QoS-sat. design
=—— = QoS-viol. design
< [ ] MC inst.-CSI mean
g 50 1
2
)
o 4or 1
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E 30+ :
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16 25 36 49 64

Reflecting elements per AIRS, M

Fig. 3. Sum rate vs. number of passive reflecting elements M (K = 10
U=3).
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Number of users, K

Fig. 4. Sum rate vs. number of users K (M =36, U =3).

The Joint sum rate increases from about 22.5 bit/s/Hz at U =1
to 35.7bit/s/Hz at U =4, with the largest gain observed when
the fourth AIRS is added. Joint and Phase+RA satisfy the ag-
gregate user-level QoS criterion at every U, whereas Loc+RA
and No-AIRS remain below the 95% threshold throughout.
Fig. 6 plots the empirical CDF of the per-user instantaneous
rate near the QoS target. The AIRS-assisted schemes shift
the distribution to the right of No-AIRS, reducing the per-
user outage from approximately 69% for No-AIRS to 47—
48% for Joint and Phase+RA (and about 56% for Loc+RA).
The residual outage occurs because the S-CSI design satisfies
QoS in expectation, not necessarily for every instantaneous
realization. Re-optimizing only the resource block in the TS
scheme removes the observed instantaneous-QoS violations

5
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(M =36, K=10, U=3).

while keeping the phase and placement variables fixed on the
slow timescale.

V. CONCLUSION

We studied a multi-AIRS-assisted OFDMA downlink under
per-user QoS, jointly optimizing placement, phase shifts, bi-
nary subcarrier scheduling, and power via a multi-start BCD
combining SDR phase design, trust-region SCA placement,
Lagrangian dual resource allocation, and strict-margin re-
association. Across varying numbers of reflecting elements,
users and AIRSs, the joint design consistently outperforms
the Phase+RA, Loc+RA, and no-AIRS baselines, while
instantaneous-CSI evaluations confirm the robustness of the
statistical-CSI-based design in sum rate. Since QoS is met
only in expectation, re-running the closed-form resource block

on instantaneous CSI in a two-timescale regime restores per-
realization QoS while keeping the heavier phase and placement
variables on the slow timescale. Future work will address im-
perfect CSI, learning-based phase adaptation, and continuous
user—AIRS association.
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