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Unmanned Aerial VehicleUnmanned Aerial Vehicle

UAV: small aircraft operated by control station or equipped with algorithm-granted
autonomy

Modular technology

High mobility

Line-of-sight (LoS) link

Wireless X Lab [1] SoftBank Corporation [2]
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Unmanned Aerial VehicleUnmanned Aerial Vehicle

UAV: small aircraft operated by control station or equipped with algorithm-granted
autonomy

Modular technology

High mobility

Line-of-sight (LoS) link

New challenges:
Limited battery capacity

Geometrical constraints for trajectory

Uncertain environment

Contribution 1
Improve robustness of UAV communication in practical uncertain environments

D. Xu, Y. Sun, D. W. K. Ng, and R. Schober, “Multiuser MISO UAV communications in uncertain environments with no-fly zones: robust
trajectory and resource allocation design,” IEEE Trans. Commun., vol. 68, no. 5, pp. 3153-3172, May 2020.
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A rotary-wing UAV-mounted base station (BS) serves a few single-antenna users via LoS
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A rotary-wing UAV-mounted BS serves a few single-antenna users via LoS links
User location uncertainty and wind speed uncertainty
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Multiuser UAV Communications in Uncertain Environments with No-Fly ZonesMultiuser UAV Communications in Uncertain Environments with No-Fly Zones

A rotary-wing UAV-mounted BS serves a few single-antenna users via LoS links
User location uncertainty and wind speed uncertainty
Wind-induced UAV body jittering
Polygonal no-fly zone (NFZ)
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Optimization Problem FormulationOptimization Problem Formulation

Minimization of UAV total power consumption in each time slot

minimize
wk ,r,vu

η
∑

k∈K
wH

k wk + Paero(vu) + M · Pcirc (UAV total power consumption)

s.t. C1:

[
∑

k∈K
wkwH

k

]

i,i

≤ Pi, ∀i, (per-antenna power constraint)

C2: Γk(wk, r) ≥ Γreqk , ∀k, (quality-of-service constraint)
C3: ‖vu − vu[n − 1]‖ ≤ amaxδT , (kinetic constraint)
C4: min

vw ∈Ξ
‖vu + vw‖ δT ≥ ‖r − r[n − 1]‖ , (kinetic constraint)

C5: max
vw ∈Ξ

‖vu + vw‖ ≤ Vmax
g , (safety constraint)

C6: ∧
j∈J

∨
i∈Sj

Yij (r) = 1. (NFZ constraint)
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Optimization Problem FormulationOptimization Problem Formulation

Minimization of UAV total power consumption in each time slot

minimize
wk ,r,vu

η
∑

k∈K
wH

k wk + Paero(vu) + M · Pcirc (non-convex function)

s.t. C1:

[
∑

k∈K
wkwH

k

]

i,i

≤ Pi, ∀i,

C2: Γk(wk, r) ≥ Γreqk , ∀k, (non-convex constraint)
C3: ‖vu − vu[n − 1]‖ ≤ amaxδT ,

(kinetic constraint)

C4: min
vw ∈Ξ

‖vu + vw‖ δT ≥ ‖r − r[n − 1]‖ , (semi-infinite constraint)

C5: max
vw ∈Ξ

‖vu + vw‖ ≤ Vmax
g , (semi-infinite constraint)

C6: ∧
j∈J

∨
i∈Sj

Yij (r) = 1. (disjunctive constraint)

Convex optimization problems can be solved efficiently and optimally;
however, this problem is non-convex

Dongfang Xu, December 20, 20229 /259 /25
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Flow Chart of the Developed Algorithms – Optimal SchemeFlow Chart of the Developed Algorithms – Optimal Scheme

Lemma 1: S-Procedure

Given a function fm (x) = xH Bmx + 2Re
{

bH
mx

}
+ bm , m ∈ {1, 2}, x ∈ CN×1, Bm ∈ HN ,

bm ∈ CN×1, and bm ∈ R1×1. Then, the implication f1(x) ≤ 0 Ñ f2(x) ≤ 0 holds if and
only if there exists a δ ≥ 0 such that

δ
[

B1 b1
bH

1 b1

]
−

[
B2 b2
bH

2 b2

]
� 0,

provided that there exists a point x̂ such that fm (x̂) < 0.

Ñ Recast semi-infinite constraints C4 and
C5 into convex linear matrix inequalities

Dongfang Xu, December 20, 202210 /2510 /25
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Flow Chart of the Developed Algorithms – Optimal SchemeFlow Chart of the Developed Algorithms – Optimal Scheme

Theorem 1
The disjunctive programming in constraint C6 is equivalent to the following mixed
integer linear programming:

pT
ij r − qij + Glij ≥ 0, ∀i, ∀j,

if there exists at least one binary variable lij ∈ {0, 1} satisfies lij = 0, and G is a
sufficiently large constant.

Ñ Recast disjunctive constraint C6 into a
binary linear constraint

Dongfang Xu, December 20, 202210 /2510 /25
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Flow Chart of the Developed Algorithms – Optimal SchemeFlow Chart of the Developed Algorithms – Optimal Scheme

Reveal system performance upper bound

Benchmark for any suboptimal schemes

High complexity, time-consuming
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Flow Chart of the Developed Algorithms – Suboptimal SchemeFlow Chart of the Developed Algorithms – Suboptimal Scheme

Theorem 2
The original problem can be equivalently recast as follows

minimize
Wk,r,vu,
lij ,A,û,g

∑

k∈K
Tr(Wk ) + g + χ

∑

j∈J

∑

i∈Sj

(
lij − l2ij

)

s.t. C1-C7b,C8-C13,

if χ is a sufficiently large constant that penalizes the objective function for
any lij not equal to 0 or 1.

Theorem 3
If the required signal-to-interference-plus-noise
ratio of user k, i.e., Γreqk > 0, a rank-one
beamforming matrix Wk can always be
obtained.

Dongfang Xu, December 20, 202211 /2511 /25
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Flow Chart of the Developed Algorithms – Suboptimal SchemeFlow Chart of the Developed Algorithms – Suboptimal Scheme

Low complexity, computationally-efficient

Slight performance loss compared to optimal scheme
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Simulation Results: UAV TrajectorySimulation Results: UAV Trajectory
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Simulation Results: UAV TrajectorySimulation Results: UAV Trajectory
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Simulation Results: Total Power ConsumptionSimulation Results: Total Power Consumption
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IRSIRS

IRS: planar surface comprises a group of low-cost passive elements and each element
can adjust the phase of incident signals

Reconfigure radio propagation environment

Low power consumption

[3] [4]
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IRSIRS

IRS: planar surface comprises a group of low-cost passive elements and each element
can adjust the phase of incident signals

Reconfigure radio propagation environment

Low power consumption

New challenges:
Non-convex unit-modulus constraint

Coupled with other design variables

Contribution 2
Exploit IRS to improve the performance of full-duplex (FD) cognitive radio (CR) networks

D. Xu, X. Yu, Y. Sun, D. W. K. Ng, and R. Schober, “Resource allocation for IRS-assisted full-duplex cognitive radio systems,” IEEE Trans.
Commun., vol. 68, no. 12, pp. 7376-7394, Dec. 2020.

Dongfang Xu, December 20, 202214 /2514 /25
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IRS-assisted Full-duplex Cognitive Radio SystemsIRS-assisted Full-duplex Cognitive Radio Systems

A primary network contains a primary transmitter and a set of primary users

A secondary network contains an FD BS and a set of uplink and downlink users

Dongfang Xu, December 20, 202215 /2515 /25
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IRS-assisted Full-duplex Cognitive Radio SystemsIRS-assisted Full-duplex Cognitive Radio Systems

Deploy an IRS in the considered system to
Facilitate information transmission of secondary network

Suppress co-channel interference in secondary network

Alleviate interference from secondary network to primary users

Model the channel uncertainty for the links between secondary network and primary users

Dongfang Xu, December 20, 202215 /2515 /25
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Optimization Problem FormulationOptimization Problem Formulation

Maximization of secondary network spectral efficiency

maximize
wk ,vj ,pj ,Ψ

∑

j∈J
RUL

j (wk, vj , pj ,Ψ) +
∑

k∈K
RDL

k (wk, pj ,Ψ) (spectral efficiency)

s.t. C1:
∑

k∈K
‖wk‖2 ≤ PDL

max, (secondary BS power constraint)

C2: 0 ≤ pj ≤ pj,max, ∀j, (uplink user power constraint)

C3: Ψ = diag
(

ejψ1 , · · · , ejψM
)
, (IRS unit-modulus constraint)

C4: max
lD,i∈ΩD,i
lR,i∈ΩR,i
ei,j ∈Ωi,j

Ii(wk, pj ,Ψ) ≤ ptoli , ∀i. (interference leakage constraint)

Dongfang Xu, December 20, 202216 /2516 /25
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Optimization Problem FormulationOptimization Problem Formulation

Maximization of secondary network spectral efficiency

maximize
wk ,vj ,pj ,Ψ

∑

j∈J
RUL

j (wk, vj , pj ,Ψ) +
∑

k∈K
RDL

k (wk, pj ,Ψ) (non-convex function)

s.t. C1:
∑

k∈K
‖wk‖2 ≤ PDL

max,

(secondary BS power constraint)

C2: 0 ≤ pj ≤ pj,max, ∀j,

(uplink user power constraint)

C3: Ψ = diag
(

ejψ1 , · · · , ejψM
)
, (non-convex constraint)

C4: max
lD,i∈ΩD,i
lR,i∈ΩR,i
ei,j ∈Ωi,j

Ii(wk, pj ,Ψ) ≤ ptoli , ∀i. (semi-infinite constraint)

Optimal solution is challenging to obtain due to non-convexity and
coupled variables

Dongfang Xu, December 20, 202216 /2516 /25
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme

Exploit Schwarz inequality and Minkowski inequality

Employ S-procedure
Ñ Rewrite semi-infinite constraint C4 as a
tractable constraint

Dongfang Xu, December 20, 202217 /2517 /25
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme

Exploit block coordinate descent theory and divide
coupled variables into three blocks:
Block 1: {vj}
Block 2: {Ψ}
Block 3: {wk, pj}

Each block is associated with a subproblem, solve one
subproblem with the other two Blocks fixed

Ñ Circumvent variable coupling issue

Dongfang Xu, December 20, 202217 /2517 /25
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme

Fixing Blocks 2 and 3 results in a convex problem Ñ Obtain the optimal solution for Block 1
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme

Theorem 4
Denote the optimal solution of the reformulated problem as
Θq with penalty factor χq . When χq is sufficiently large, i.e.,
χq Ï ∞, every limit point Θ of the sequence

{
Θq

}
is an

optimal solution of the original problem.

Ñ Obtain a suboptimal solution for Block 2

Dongfang Xu, December 20, 202217 /2517 /25
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme

Ñ Obtain a suboptimal solution for Block 3

Dongfang Xu, December 20, 202217 /2517 /25
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme

Low complexity, computationally-efficient

Guaranteed convergence

General framework for IRS design

Dongfang Xu, December 20, 202217 /2517 /25
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Simulation Results: Secondary Network Spectral EfficiencySimulation Results: Secondary Network Spectral Efficiency
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8 antennas, 8 IRS
elements, 3 uplink users,
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ConclusionConclusion

UAVs and IRSs are promising solutions to customize wireless channels to enhance
performance of future wireless networks

System designers should take into account practical issues when exploiting UAVs and
IRSs in conventional communication systems

Resource allocation design is a key means to unleash the potentials of UAVs and
IRSs

Both optimal and suboptimal resource allocation schemes are crucial for practical
communication systems design
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Future WorkFuture Work

Optimization framework design for swarm UAV systems

Optimization framework design for multi-functional IRSs

Optimal algorithm design for practical IRS-assisted networks
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Thanks for your attention.
Any question?
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Convex Optimization ProblemsConvex Optimization Problems

Definition (Convex Function)
A function f : X Ï R is convex if its domain X is a convex set and for any x, y ∈ X and
0 ≤ α ≤ 1, we have

f (αx + (1 − α)y) ≤ αf (x) + (1 − α)f (y).

x

y

x

y

Convex set Non-convex set

x

y

f(z)

z
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Convex Optimization ProblemsConvex Optimization Problems

A convex optimization problem in standard form is given by

minimize
x

f (x)

s.t. gi(x) ≤ 0, i = 1, · · · ,m,
hi(x) = 0, i = 1, · · · , p.

x ∈ Rn: Variable to be optimized

f (x) : Rn Ï R: Convex objective function

gi(x) : Rn Ï R, i = 1, · · · ,m: Convex inequality constraints

hi(x) : Rn Ï R, i = 1, · · · , p: Affine equality constraints
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Convex Optimization ProblemsConvex Optimization Problems

A convex optimization problem in standard form is given by

minimize
x

f (x)

s.t. gi(x) ≤ 0, i = 1, · · · ,m,
hi(x) = 0, i = 1, · · · , p.

Globally optimal 

point

Globally optimal 

point

Locally optimal 

point

One fundamental property of convex optimization problems is that any local optimum is
also the global optimum

Dongfang Xu, December 20, 202222
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Monotonic OptimizationMonotonic Optimization

Exploit the monotonicity of the reformulated problem to finding globally optimal solution
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Successive Convex Approximation MethodSuccessive Convex Approximation Method

Approximate a non-convex function by a convex function to finding locally optimal
solution in a few iterations

Dongfang Xu, December 20, 202244
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Block Coordinate Descent MethodBlock Coordinate Descent Method

BCD-based algorithm potentially converges to global optimum, local optimum, and
saddle point
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Simulation Results: Outage Probability versus Maximum Interference Leakage ToleranceSimulation Results: Outage Probability versus Maximum Interference Leakage Tolerance
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8 antennas, 8 IRS elements, 3 uplink
users, 2 downlink users, 2 primary
users, maximum DL transmit power
PDL

max = 30 dBm

Baseline scheme 1: FD CR
network does not employ IRS

Baseline scheme 2: Secondary BS
operates in the half-duplex mode

Non-robust scheme: Treat the
estimated channel state
information (CSI) of the primary
users as perfect CSI
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IRSIRS

Practical IRSs comprise hundreds or thousands of elements

[5] [6]
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IRSIRS

Practical IRSs comprise hundreds or thousands of elements

[5] [6]

Element-wise optimization are not feasible for real-time online design of practical IRS
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IRSIRS

Practical IRSs comprise hundreds or thousands of elements

[5] [6]

Contribution 3
Develop scalable algorithm to facilitate real-time design for large IRS-assisted SWIPT systems

D. Xu, V. Jamali, X. Yu, D. W. K. Ng, and R. Schober, “Optimal resource allocation design for large IRS-assisted SWIPT systems: A scalable
optimization framework,” IEEE Trans. Commun., vol. 70, no. 2, pp. 1423-1441, Feb. 2022.

Dongfang Xu, December 20, 202277



Doctoral Defense Presentation – Optimized Resource Allocation for Future Wireless Communication Systems

Scalable Optimization Framework for Large IRS-Assisted SWIPT SystemsScalable Optimization Framework for Large IRS-Assisted SWIPT Systems

A BS serves a set of information decoding receivers and energy harvesting receivers
with the help of a large IRS
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Scalable Optimization Framework for Large IRS-Assisted SWIPT SystemsScalable Optimization Framework for Large IRS-Assisted SWIPT Systems

A BS serves a set of information decoding receivers and energy harvesting receivers
with the help of a large IRS

Divide large IRS into several tiles
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Scalable Optimization Framework for Large IRS-Assisted SWIPT SystemsScalable Optimization Framework for Large IRS-Assisted SWIPT Systems

A BS serves a set of information decoding receivers and energy harvesting receivers
with the help of a large IRS

Divide large IRS into several tiles
Offline design elements in each tile to support a set of transmission modes
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Scalable Optimization Framework for Large IRS-Assisted SWIPT SystemsScalable Optimization Framework for Large IRS-Assisted SWIPT Systems

A BS serves a set of information decoding receivers and energy harvesting receivers
with the help of a large IRS

Divide large IRS into several tiles
Offline design elements in each tile to support a set of transmission modes
Online select the best transmission mode for each tile

Dongfang Xu, December 20, 202288



Doctoral Defense Presentation – Optimized Resource Allocation for Future Wireless Communication Systems

Scalable Optimization Framework for Large IRS-Assisted SWIPT SystemsScalable Optimization Framework for Large IRS-Assisted SWIPT Systems

A BS serves a set of information decoding receivers and energy harvesting receivers
with the help of a large IRS

Divide large IRS into several tiles
Offline design elements in each tile to support a set of transmission modes
Online select the best transmission mode for each tile
Practical non-linear energy harvesting model
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Transmission Mode Pre-Selection for Online OptimizationTransmission Mode Pre-Selection for Online Optimization

The number of scatterers is limited and the locations of the scatterers are fixed, only a
limited number of AoAs and AoDs can be used for transmission

Not all the elements in the offline transmission mode set will contribute to system
performance enhancement

Ñ Refine transmission mode set to facilitate efficient online optimization

Develop two new refining criteria respectively taking into account user fairness and
exploiting concrete features of SWIPT systems

Dongfang Xu, December 20, 202299
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Optimization Problem FormulationOptimization Problem Formulation

For a given refined transmission mode set

Minimization of BS total transmit power

minimize
V�0,V∈HNT ,

wk ,bs,t

∑

k∈K
‖wk‖2 + Tr(V) (BS transmit power)

s.t. C1: Γk(V,wk, bs,t ) ≥ Γreqk , ∀k, (quality-of-service constraint)

C2: ΥEH
j (V,wk, bs,t ) ≥ Ereqj , ∀j, (energy harvesting constraint)

C3: bs,t ∈ {0, 1} , ∀s ∈ SR , ∀t ∈ T̂, (mode selection constraint)

C4:
∑

s∈SR

bs,t = 1, ∀t ∈ T̂. (mode selection constraint)
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Optimization Problem FormulationOptimization Problem Formulation

For a given refined transmission mode set

Minimization of BS total transmit power

minimize
V∈HNT ,V�0,

wk ,bs,t

∑

k∈K
‖wk‖2 + Tr(V)

s.t. C1: Γk(V,wk, bs,t ) ≥ Γreqk , ∀k, (non-convex constraint)

C2: ΥEH
j (V,wk, bs,t ) ≥ Ereqj , ∀j, (non-convex constraint)

C3: bs,t ∈ {0, 1} , ∀s ∈ SR , ∀t ∈ T̂, (binary constraint)

C4:
∑

s∈SR

bs,t = 1, ∀t ∈ T̂.

(mode selection constraint)

A non-convex combinatorial problem;
nevertheless, the optimal algorithm is developed

Dongfang Xu, December 20, 20221010
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Branch-and-Bound-Based Optimal SchemeBranch-and-Bound-Based Optimal Scheme

Exploit tree traversal and progressively partition the feasible set until finding the
globally optimal solution

Develop bound construction criterion, partition rule, and branching strategy

Root node

Depth 1

Depth 2

Depth 4

Depth 3
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Flow Chart of the Developed SchemeFlow Chart of the Developed Scheme
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Simulation Results: Convergence Behaviors of the Developed AlgorithmsSimulation Results: Convergence Behaviors of the Developed Algorithms
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10 antennas, 600 IRS elements, 2
information decoding receivers, and
2 energy harvesting receivers

AO-based scheme employing
conventional IRS model: Employ
element-wise IRS optimization
framework and alternatingly
optimize IRS phase shift matrix and
BS beamforming vectors
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Simulation Results: Average Total Transmit PowerSimulation Results: Average Total Transmit Power
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