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UAV Communications
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Abstract— Herein, an interference-aware predictive aerial-
and-terrestrial communication problem is studied, where an
unmanned aerial vehicle (UAV) delivers some data payload to a
few nodes within a communication deadline. The first challenge
is the possible interference to the ground base stations (BSs)
and users possibly at unknown locations. This paper develops
a radio-map-based approach to predict the channel to the
receivers and the unintended nodes. Therefore, a predictive
communication strategy can be optimized ahead of time to
reduce the interference power and duration for the ground
nodes. Such predictive optimization raises the second challenge
of developing a low-complexity solution for a batch of trans-
mission strategies over T' time slots for IN receivers before
the flight. Mathematically, while the proposed interference-aware
predictive communication problem is non-convex, it is converted
into a relaxed convex problem, and solved by a novel dual-
based algorithm, which is shown to achieve global optimality
at asymptotically small slot duration. The proposed algorithm
demonstrates orders of magnitude of the computational time
saving compared to several existing solvers. Simulations show
that the radio-map-assisted scheme can reduce the interference
to the unintended receivers at known locations below a prescribed
threshold and significantly reduce the interference to the users
at unknown locations.

Index Terms— UAV communication, air-to-ground interfer-
ence, radio map, predictive communication.
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I. INTRODUCTION

OW-ALTITUDE UAV activities have grown significantly

over the last decade [1]. It is important to establish
a reliable communication network for real-time navigation,
control, and surveillance of the UAV network. For example,
it may be crucial to acquire the field of view of the UAV to
monitor the operation status during the mission of the UAV,
and this requires a reliable communication network.

One potential solution for UAV network communication
is to construct self-organized networks (SONs) that utilize
the orthogonal spectrum of those used in terrestrial cellular
networks for interference avoidance [2], [3], [4]. However,
SONs may not be reliable as the topology of the UAV network
can be significantly time-varying. Another viable solution is
to extend the coverage of terrestrial cellular networks to assist
with UAV communication. However, the transmission from
the UAV to ground BSs may generate strong interference with
other ground terminals due to the high probability of line-of-
sight (LOS) conditions from the sky [5], [6], [7], [8], [9], [10],
[11], [12], [13].

A majority of existing research that studied integrated UAV-
and-terrestrial communications ignored the interference [14],
[15], [16], [17], [18] or assumed orthogonal transmissions
between aerial nodes and ground nodes [19], [20], [21]. Some
recent works [5], [6], [7], [8], [9], [10], [11], [12] attempted
to mitigate the interference from the UAVs to the ground
nodes by optimizing the UAV trajectory, power control, sub-
channel allocation, and MIMO beamforming. However, these
approaches may not apply to some UAV networks where
communication is not the primary mission of the UAVs. First,
the UAV trajectory may not be altered for communication
purposes during the mission, and therefore, the approaches
based on trajectory optimization [5], [6], [7] are not suitable
here. Secondly, as the topology of the UAV network is time-
varying, it becomes challenging to meet transmission deadlines
or age-of-information requirements for delivering large and
time-sensitive content, and these factors are not considered in
[8], [9], [10], and [11].

This paper studies an integrated aerial-and-terrestrial com-
munication scenario, where a UAV node uses the cellular
spectrum to transmit to N nodes, which can be other UAV
nodes or ground BSs with known locations. The objective is to
deliver a given amount of data within a communication dead-
line, resulting in a planning problem for the communication

1536-1276 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: The Chinese University of Hong Kong CUHK(Shenzhen). Downloaded on November 14,2024 at 03:16:50 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-8886-4916
https://orcid.org/0000-0003-3056-9030

16726

timing and resource allocation. The main challenge is the
air-to-ground interference to the unintended BSs during the
uplink (UL) and users on the ground during the downlink
(DL) due to the transmission of the UAV, since it is possible
that some BSs are at UL while some others are at DL.
A general interference mitigation may require the channel
state information (CSI) of the unintended nodes for the entire
transmission, which can be challenging for a resource planning
problem where the future CSI cannot be obtained via online
measurements. While the locations of the BSs can be known
by the network for a rough CSI prediction, the locations of
the ground users are usually unknown due to their mobility.
In addition, joint UAV and BS interference-aware resource
allocation is challenging because a low-altitude UAV may
interfere with many BSs and ground users due to possible
LOS conditions; as a consequence, conventional interference-
aware resource allocation will require centralized processing
with global CSI across a large number of cells, which is almost
prohibitive in implementation.

To tackle the interference to the nodes with known locations,
we employ a radio map approach, where the radio map
captures the large-scale channel information between any two
locations, including path loss, shadowing, and statistics of the
small-scale fading; but the actual channel is not available
on the radio map. The opportunity that drives the radio
map approach is the fact that aerial nodes mostly have
predetermined trajectories. For example, the trajectories of
cargo delivery UAVs and many patrol surveillance UAVs
are determined by the operators prior to the flight. As a
consequence, at least the large-scale statistics of the future
CSI of the nodes with known locations can be predicted by
the UAV trajectory using the radio map, and therefore, one can
optimize for the predictive UAV communications based on the
predictive large-scale CSI statistics. To tackle the interference
to the unknown ground nodes, we introduce a sleep strategy
aiming at reducing the transmission duration and lowering the
chance of interfering with the ground nodes with unknown
channel status. To summarize, this paper attempts to address
the following challenges:

e How to exploit radio maps to optimize for interference-
aware communication. First, as radio maps may only
capture large-scale CSI, the uncertainty of the future
channel quality in predictive communication needs to be
addressed. In addition, the impact of the air-to-ground
interference for ground nodes at unknown locations needs
to be considered.

e How to develop low-complexity solutions over a large
horizon for predictive communication. The predictive
UAV communication problem involves determining a
sequence of transmission strategies over 71  time slots
before the flight. Therefore, optimizing the solution based
on standard off-the-shelf solvers can be computationally
prohibitive for a large T, even for convex problems.

Mathematically, we formulate a radio-map-assisted
predictive =~ communication problem for  N-receiver
interference-aware UAV communications with a delay
constraint and interference constraints. While previous
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research has considered the impact of small-scale fading on
transmission strategy design, for example, prediction of the
future small-scale fading [22], online adjustment based on
real-time small-scale fading [23], and constant attenuation
on the channel [24], these approaches cannot be applied
to the transmission planning in predictive communications.
To address the challenge of discontinuity due to the on-off
control for the interference-aware sleep mode optimization,
we propose a relax-then-round algorithm for an efficient
solution with the asymptotic optimality guarantee. Moreover,
we develop a dual-based algorithm, substantially reducing the
computational complexity without sacrificing the optimality.
In summary, we make the following contributions:

o We formulate an interference-constrained predictive com-
munication problem exploiting radio maps. In this
formulation, we address the uncertainty of the future CSI
by developing a deterministic expected capacity lower
bound, and mitigate the air-to-ground interference for
ground nodes at unknown locations by penalizing the
transmission duration.

« While the problem is non-convex, we develop a relax-
then-round optimization strategy, which is proven to
have the asymptotic optimality guarantee. Based on the
Lagrangian dual technique, we develop a low-complexity
algorithm, which achieves orders of magnitude of com-
plexity savings, compared to state-of-the-art Lagrangian
relaxation (LR)-based and successive convex approxima-
tion (SCA)-based algorithms for a large horizon 7'

e Our simulations show that the proposed radio-map-
assisted scheme can reduce the interference at the
unintended receivers at known locations below a pre-
scribed threshold and also significantly reduce the
interference to the users at unknown locations. More-
over, the proposed relax-then-round can achieve global
optimality at the asymptotically small slot duration, and
the running time is 1000 times less than the LR & SCA
scheme.

The rest of the paper is organized as follows. Section II
presents the communication system model and the problem
formulation. Section III reformulates the problem to handle
the uncertainty from the small-scale fading, then relaxes the
non-convex and non-smooth problem to a convex problem
and proposes a dual-based algorithm. We develop a rounding
strategy to modify the relaxed results to suit the original
problem in Section IV. Numerical results are demonstrated
in Section V, and conclusions are given in Section VI.

II. SYSTEM MODEL

Consider a multiuser transmission system with a single
transmitter, IV receiver nodes, and M neighboring nodes that
may be interfered with by the transmitter, as shown in Fig. 1.
The positions of the transmitter, receivers, and neighboring
nodes are known and denoted as q; € R3, where j =
0,1,...,N + M. Here, j = 0 refers to the transmitter, while
1 < j < N refers to the receiver nodes, and N +1 < j <
N + M refers to the neighboring nodes.
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Fig. 1. Slotted communication system illustration.

A. Channel and Radio Map Models

We consider a flat fading channel model, in which the
channel power gain from the transmitter to node 1 < j <
N + M is given by

hj = g;&; 9]

where g; and ; represent the channel gain due to the large-
and small-scale fading, respectively. The small-scale fading &;
is random and follows a Gamma distribution G (x;, 1/k;) with
shape parameter £, and the scale parameter is chosen as 1/
to normalize the mean of £; to 1. Note that Gamma distribu-
tion can be used to model various fading models, including
Rayleigh and Nakagami. For example, the Gamma distribution
with x; = 1 degenerates to an exponential distribution, which
corresponds to the power gain of the Rayleigh fading channel.

Assume that the system has access to the large-scale
channel parameters, including the large-scale channel gain g;
and the Gamma distribution parameter x;, via a radio map
©(q,9q;) (gj, ;) that records the large-scale channel
parameters g; and x; as a function of the transmitter and
receiver locations g, and g; [25], [26], [27], [28]. These char-
acteristics change only in a long timescale and can be tracked
using off-line approaches, and thus, they are considered static
in our problem formulation. As a consequence, the statistics of
the channel /; are available ahead of time when the trajectories
of the nodes g; are available.

B. Communication Model

Specifically, at each time slot ¢t € 7 £ {1,2,---, T}, the
channel power gain from the transmitter to node 1 < j < N+
M is represented as h;(t), the large-scale fading as g;(t), and
the small-scale fading as &;(¢). Consider slotted transmission,
where in each time slot ¢t € 7, a fraction of non-overlapping
frequency resource [, (t) is allocated to the nth receiver, n €
N 2 {1,2,...,N}. Denote the frequency allocation on time
t as I(t) € L, where

= {[zn (D]pen In (1) €10,1], > 1 (t) €0, 1]}

neN
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denotes the set of feasible frequency resources, in which the
total resources are normalized to 1.! As a result, the total
transmission duration among 7" time slots can be computed as
ZteT H{ZnGN ln(t) > O}-

Let p,(t) be the power allocated to receiver n at time
slot t, where p,(t) € P = {p : p > 0}. As orthogonal
frequency resources are used for the N receivers, the total
normalized throughput for the nth receiver over 7' time slots
can be computed as

Yo (Prln) = Y _log (L4 pp (8) b (1)) 1n (£) ()
teT
where p,, = [pn(t)]ieT € R and 1, = [l (t)eeT € RT>1
and log represents logarithm with base 2 throughout the paper.
Assume that both aerial and terrestrial communications use
the same frequency band. Thus, the aerial transmission creates
interference to neighboring node m at time slot ¢ as

Im,n (t) = hm (t) Pn (t) .

Note that there could be other ground nodes at unknown
locations, and their channels are not available at the transmitter
node. To reduce the impact on those unknown ground nodes,
we propose to minimize both the transmission power and the
total transmission time, resulting in the following cost function

F(P,L)—Zan(t)ln(t)+)\z11{zln(t)>0}

teT neN teT neN
(3

where P = [p,lnen € RTN L = [l,]nen € RTXN,
and I{A} is an indicator function defined as I{A} = 1 if
condition A is satisfied, and I{A} = 0 otherwise. Specif-
ically, > ca-ln(t) > 0O indicates that slot ¢ is active and
Y e HD enIn(t) > 0} represents the number of active
slots. As a result, the first term in (3) captures the transmission
power, the second term captures the total transmission time,
and A is the weighting factor for the two terms.

This paper aims to control the interference to the ground
BSs at known locations and generate less interference
to the ground users at unknown locations. As a result,
an interference-constrained predictive communication problem
is formulated to plan the transmission strategy P and L for
T time slots ahead of the transmission

minimize  F (P, L) 4)
subject to  E{T), (p,,,1n)} > Sn,Vn Q)
E{lmn (1)} < Ios, Vi, n,t (6)
pn (t) € P, Vn,t, L(t) € L, VL. @)

The objective function (4) represents the cost defined in (3),
incorporating the transmission energy and duration. Con-
straint (5) specifies the minimum expected throughput S,
and constraint (6) ensures the expected air-to-ground inter-
ference is within thresholds for nodes with known locations.
Constraint (7) requires the allocated power to be non-negative
and the allocated frequency resources to be non-overlapping.

The continuous frequency resource allocation, i.e., I, (t) € [0, 1], can be
extended to a discrete allocation in a straightforward manner.

Authorized licensed use limited to: The Chinese University of Hong Kong CUHK(Shenzhen). Downloaded on November 14,2024 at 03:16:50 UTC from IEEE Xplore. Restrictions apply.



16728

III. RADIO-MAP-ASSISTED OPTIMIZATION

The radio-map-assisted optimization faces a significant chal-
lenge in dealing with channel uncertainty, as only large-scale
information is available. This section addresses this challenge
by analyzing the expected throughput and interference using
large-scale information from the radio map. A robust for-
mulation is thus constructed, then transformed and relaxed
into a convex problem that enables efficient and effective
solution techniques to be applied. Furthermore, we propose
an efficient dual-based algorithm to accelerate the search for
optimal solutions.

A. Radio-Map-Assisted Reformulation

With the aid of the radio map ® and the known loca-
tions of the transmitter, receivers, and neighboring nodes at
time ¢, q]-(t), the large-scale channel parameters at time ¢
are (g;(t),x;(t)) = O(qo(t),q;(t)). Thus, the power gain
at time t, h;(t) defined in (1), follows Gamma distribution
G (k;(t),g;(t)/k;(t)). Based on the statistical information of
hy(t), n € N, the expected channel capacity can be explicitly
lower bounded as follows.

Lemma 1 (A deterministic capacity lower bound): The
expected capacity E{log(1 + p,h,)} is lower bounded by
log (1 + pngn) —€n where €, = log(e)/rn—log(1+(2K,)71).

Proof: See Appendix A. O

The gap €, is always positive, and tends to 0 when ., goes
to infinity where the channel is asymptotically deterministic.

As a result of Lemma 1, the expected throughput
E{Y, (p,,1.)} is lower bounded by

E{Yn (P, 1n)} = Z (log (1 + pn (t) gn () — €n) In (¢) -
teT

In other words, the expected throughput constraint (5) can be
relaxed to

Z Cn (t) I (t) > Sp,Vn ®)

teT

where ¢, (t) = log (1 + py, (t) gn (t)) — €,(t) is the approxi-
mated channel capacity.

In addition, using the statistical information of h,,(t), m €
M E{N+1,--- , N+M}, the expected interference E{I,,, ,,}
at node m can be computed as E{l,, ,} = gm(t) - pn(t).
As a result, the interference constraint (6) can be equivalently
transformed into a power constraint as

P (8) S P(8) = Tos/ max gm (), V. t. ©

Using the approximated throughput constraint (8) and
interference-equivalent power constraint (9), the original prob-
lem can be relaxed into the following problem

Z1: minimize F(P,L)
PL

subject 0 Y ¢ () I (t) > Sy, (10)
teT

pn (t) € P/ V0t L(E) € L,VE (11)

where P’ £ {p(t) : 0 < p(t) < p(t)}.
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However, this problem is non-convex due to the indicator
function in the objective function in (3). The state-of-the-
art techniques to handle the indicator function include LR
[29] and SCA [30], but the optimality is unclear, and the
computational complexity can be high.

In the rest of the paper, we develop a cost-aware relax-
then-round scheme to solve problem 1. First, the indicator
functions I{ _\rIn(t) > 0} in the objective (3) are relaxed
to continuous ones, then we transform the non-convex problem
to a convex equivalent problem and propose an efficient
algorithm. Subsequently, in Section IV, a cost-aware rounding
strategy is developed to ensure asymptotic optimality.

B. Convex Relaxation

1) Relaxation from Indicator Function: Recall that the
presence of the indicator function in the objective (3) implies
the need for integer programming to optimize the on-off
mode. We replace the indicator I{} _\-l.(t) > 0} by a
continuous variable )\ l,(t) which can take continuous
value from O to 1. This relaxation results in the following
objective

F(P,L)=)Y > a()+NL(t).  (12)

teT neN

It is clear that the relaxed objective (12) gives a lower
bound of the cost function (3), because )\ ln(t) <
I{> 2, en ln(t) > 0} with equality for 3\ l,(t) =0 or 1.
Such a property motivates our rounding strategy, which will
be discussed in Section IV. As a result, problem 1 becomes

2 : minimize F(P,L),

)

subject to  (10), (11).

Note that the optimal value of problem £2 is a lower bound
on the optimal value of 21, because F(P, L) < F(P, L) for
all (P, L) and the feasible sets of the two problems are the
same.

2) Convex Transformation: To handle the non-convex con-
straint (10), we introduce a new variable

bn (1) £ (log (14 pn (t) gn (1)) — €n (1)) In (1)

to replace the variable p,(t). As a result, the throughput
constraint (10) becomes linear

13)

> 6 (t) = Sn, ¥n (14)
teT
and the power constant in (11) also becomes linear
¢n (t) € [_en (t) ln (t) ) Cn (t) ln (t)] (15)

where ¢,(t) £ log(1 + Pu(t)gn(t)) — en(t), due to the
monotonic increasing property of the function ¢, (t) over
prn(t). In addition, the variable p,(¢) can be derived to a
function of ¢, (t) and 1,,(t), as

o) — (2¢n(t)/ln(t)+en(t) _1) /g (1)
0
(16)
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As a result, the cost function (12) can be expressed as

2Tn(® ten(t) _
Ty (P

L + A) ln (t) 17
teT neN

which is convex, because for each ¢ and n, the summand
(28 W/l Fen(®) _1) /g, (t) + /\)l (t) is a perspective func-
tion of a convex function p(z) £ (27t () —1)/g,(t) + A,
and thus is convex [31].

Using the transformed objective function (17), and the trans-
formed constraints (14)—(15), the problem £?2 is transformed
into the following problem

L 2l (t) +€n(t) 1

3 mlré)lgnze Z Z Y + AL ()

teT neN
subject to ¢y () > Sy, Vn

teT
Pn (t) €[—en(t) In (£) , En (1) In (£)], V2, t
L(t) e LVt

where ® £ [¢,, (t)]ieT nen € RTXN,

The transformed problem £73 is convex because the objec-
tive function is convex, and all the constraints are linear.
Therefore, it can be solved efficiently.

C. Optimal Solution for N = 1

While problem &3 is convex, solving problem 43 by
general solvers, such as the (iterative) subgradient or interior-
point methods, has complexity higher than O(N3T3) per
iteration [32], which will be overwhelming for a large num-
ber of time slots 7' when we want to optimize over a
large time horizon or for smaller time slots. As a result,
the key challenge in radio-map-assisted predictive commu-
nication is to develop efficient algorithms to solve the
optimization problem for a large 7". To tackle this challenge,
we first develop a semi-closed form solution to &?3 under
N =1

For simplicity, we omit the subscript n in the variables such
as ¢, and [,, since N = 1. Then in problem £3, the resource
allocation variables become ¢ = [¢(t)]te7 and 1 = [I(t)]ieT,
and the cost is written as >, ((29)/1OF<®) — 1) /g(t) +
A)L(t). Since 73 is convex, the solution to &3 satisfies the
Karush-Kuhn-Tucker (KKT) conditions which can be derived
as follows.

Lemma 2: let xq be the solution to ¥ (x) = 0, where

9 (z) 2 (277 —1) /g (t) + A —2(In2- 27T /g (1))
(18)

where In represents logarithm with base e throughout the
paper. The root xq is unique in the region x > 0. Moreover,

0 <29 <max{2/In2,log(Ag(t) — 1) — €(t)}.
Proof: See Appendix B ([l
Denote ¢(t) as the solution to ¥(x;g(t),e(t)) = 0 for

x > 0. From Lemma 2, the mapping from g¢(t) and €(t) to
¢(t) is unique. In addition, denote /i(t) £ In2-2°(M+<(t) /g (¢)
representing the point with maximal energy efficiency, fi(t)
In2 - (1/g(t) + p(t)) representing the point with maximal

L

T(p,1)

—

3

Increase I3 from 0 to 1

Ca

Increase lg from 0 to 1

(11 Increase Iy

from 0 to 1

0

I3t M2 I3

Suppose
=

3 unit time

7777777777772

77772
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~y

t

Fig. 2. lustration of Y (u,1) over u and I (left), where one slot is activated
when p = p1, and two slots are activated when p = p2, and a resource
allocation example (right) based on Proposition 1.

transmission power, and fi(t) = (p(t)+\)/(log(1+p(t)g(t))—
€(t)) representing the point with maximal energy efficiency
and maximal transmission power, which happens only when
¢é(t) > ¢(t). We have the following result to characterize the
solution to &3 under N = 1.

Proposition 1 (Optimal Solution Under N = 1): The opti-
mal solution (¢p,1) to &3 under N =1 is given by

(i)fort €Ty = {t €T :é(t) <e(t))
0 p<fi(t)
el p=fi(t)
Y=Y tog(ug (1) /02— e(t) a(t) <p <)
c(t) w> ()
(19)
L) =T{u>pr+1M{p=01}  (20)
(ii) for t e L, 2 {t € T - ¢(t) > &(t)}
0 u<i)
p(t)=q c)l(t) p=p(t) 21)
c(t) > fi(t)
1) =T{u>pa@®)}+1()I{p=ji)} (22)

where {j > 0,12 [l(t)]teq-} are parameters chosen to satisfy

Y(p, D)2 ot (23)
teT
and I(t) € [0,1], Vt € T.
Proof: See Appendix C. ]

As a result, we can obtain the optimal solution to &3 by
solving equation (23). In addition, the throughput function
T(ull) is proven to be monotonically non-decreasing over p
and [, as shown in the following proposition.

Proposmon 2 (Monotonicity): For any py > ps > 0 and
1= ll,lg ~ 0,2 it holds that 'I"(,ul,ll) > 'I"(,ug,lg) For any
131y =1y = 0and pu > 0, it holds that T(u, l1) > T(u,ig).

Proof: See Appendix D. O

The left figure in Fig. 2 illustrates monotonicity of M l)
It is shown that (i) When 1 < p1, T = 0; (ii) When 1 > p1, T
is increasing over p; (iii) When p = p;, T is 1ncrea51ng over [;.
Based on the monotonicity, one solution p* and 1" can be
found using bisection search as described in Algorithm 1. The
right figure in Fig. 2 illustrates a resource allocation example,
supposing p* = po. It is shown that (i) for the slots with
at) <p* <p(t),eg,t=1 ¢(t) is related to p*; (ii) for

2Here, the notation a > b means that Vi, a; > b;. The notation a > b
means that Vi, a; > b;, and Ji,a; > b;.
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Algorithm 1 Fast Dual-Based Algorithm for N =1

Algorithm 2 Alternative Optimization Algorithm for N > 1

# Bisection search to determine u*.
1) Set pimax = maxfe’f{ﬂ( ) ( )} Hmin = 0;
2) Set gt = (Mmax + fmin)/2, if T(1,0) > S, set fimax =
w; otherwise, set fimin = {3
3) Repeat step 2) until |ftmax — fmin| i small enough;
4) Set p* = pimin-
# Bisection search to determine I .
5) Set lpax = 1, lmin = 0;
6) Set I = (Imax + lmin)/2 and I = 1 - 1, if T(p
set {hax = [; otherwise, set I, = I
7) Repeat step 2) until |l;yax — lmin| is small enough;
8) Set I* = lyax and I = 1* - 1
# Set ¢* and 1" according to (19) — (22).

*1) > S,

the slots with 1 = i (t) or p = i (1), e.g., t = {2,3}, ¢ (t) =
¢(t)1(t) or ¢ (t) =c(t)l(¢); (iii) for the slots with u < fi (¢)
or u<i(t),eg,t=4,¢(t)=0

The computational complexity of Algorithm 1 is O( )
consisted of O(1) steps for the bisection search of y* and l
where each step requires O(T') for calculating Y (i, 1).

D. Efficient Algorithm for N > 1

It is observed from 3 that for N > 1, the variables
are coupled over m only by the constraint I € L. This
observation suggests that &3 can be decomposed into N
subproblems, provided the coupled constraint involving [,, (¢)
can be handled. To this end, a partial-dual-based algorithm is
proposed, where the partial dual problem is given by

maximize g (v)
where ¢ (v) is the partial dual function over the Lagrangian
parameter v = [v(t)]ie7, as given by the value of the
following problem

P4 mllgfglze Q(®,L;v)
subject to Z On (1) > Sn,Vn
teT
Pn () € [—€n (1) In (1) ,Cn (8) 1 (2)], VN,
I, (t) €[0,1],Vn,t
and

Q(®,L;v)

2.2

teT neN

+) () (Z Ln(t) — 1) :

teT neN

¢”((:)) +en (t) —1
s AL

Denote \(t) =

expressed as
n(t)
2T ten(t)_q
-3 3 (-

neN teT

A + v (t), the objective function can be

Q(®,L;v)

> ()

teT

# Initialization process: set vg.
1) Alternatively optimize (¢,,,1,,) from n = 1 to N by
Algorithm 1;
2) Update vy using gradient projection method and go
to step 1 until ||vg4+1 — vg||F is small enough.
# Output (& L#),

Then the problem £?4 can be decoupled to N following

sub-problem
én (1)
9Tatn ten(t) _
minimize —— + A (¢
2. < gn (1) "

e teT

subject to Z on (t) > S,
teT
on (1) €
I, (t) €

The above problem is equivalent to %3 for N = 1 case
discussed in Section III-C, where the solution is given in
Proposition 1 with the constant penalty A to be replaced by
A(t), and a constant — 3, v (t) /N to be added into the
objective.

For maximizing ¢ (v), the gradient projection method is
used, and the algorithm stops when the ||vg1 —vg||# is small
enough. The detailed algorithm is shown in Algorithm 2.

Algorithm 2 converges because the dual problem is con-
vex [31]. Moreover, the converged values (&) L)) is the
optimal solution to £?3 because Slater’s condition holds and
strong duality holds since the objective function in 4?3 is
convex and all the constraints in 3 are affine [31].

The computational complexity of Algorithm 2 is O(NT)
per iteration, constructed by N times of O(T") for calculating

(b, 1n).

ln(t)_2$

teT

[—€n (8) 1y (t) ,En (8) 1y (2)], VE
[0,1],Vt.

IV. ROUNDING STRATEGY

Although we can efficiently solve for &3 via Algorithm 2,
which equivalently solves for &?2, the solution may not be
optimal to &1, since &2 is only a relaxed version of &1.
In some extreme cases, the solution to &2 can lead to an
unexpectedly large gap from the optimal value of 21, which
will be demonstrated in subsection IV-A. In this section,
we develop a cost-aware rounding strategy to adjust the solu-
tion obtained from £?2, and show that the solution with round-
ing strategy is asymptotically optimal in small slot duration.

A. Challenge Due to Non-Unique Solutions to &2

One particular scenario where the solution from problem
P2 yields a significant performance gap from £’1 is when
the channel g, (t) is constant over ¢. In this case, the optimal
solutions to £?2 are not unique, and a possible solution is
to allocate equal power to a number of time slots which
can be fractionally used, ie., D> n\ln(t) is strictly less
than 1. This phenomenon can be understood by the water-
filling solution for capacity-achieving power allocation, where
the time slots with the same channel gain will be allocated
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Fig. 3. The equivalence of multiple solutions under the optimality preserva-
tion conditions for receiver n.

with the same power and the same frequency resource 1, (t).
While this solution is optimal in minimizing the relaxed cost
function F in (12), it is not optimal for the original cost
function in (3), due to the discontinuous indicator function,
Y enln(t) > 0.

We construct a numerical example in Appendix E and show
that directly applying the solution obtained in &?2 may yield
an additional cost of (7" — 1)\ in (3) above the minimum.
Note that such a performance gap can be arbitrarily large for
an arbitrarily large duration 7.

Here, we investigate the conditions that characterize the set
of equivalent solutions to £?2. Given a transmission strategy
(P, L), let S(L) denote the set of partially used slots defined
as {t €T : ) cnln(t) € {0,1}}. Let 7,,(L) denote the set
of slots allocated to node n as {¢t € 7 : [,,(¢t) > 0}. Then,
the set of slots that are partially used and specifically used by
node n is given by S,,(L) = S(L)N T, (L).

Proposition 3 (Equivalent Solutions to &72): For any opti-
mal solution to P2, (P*,L"), a feasible solution (P, L)
is also optimal if the following conditions are satisfied: (i)
Pa(t) = pp(t), ¥n € Nt € T; (i) 1,(t) = L,(t), vt ¢
S,(LY), Yn € N; (iii) ZteS,L(L*)(p"(t) + Nl (t) =
ZteSn(L*) (pn () + A (E), VR € N.

Proof: See Appendix F. (]

As a result, there are multiple optimal solutions to &2 if
the cardinality of S, (L") is greater than 1. Fig. 3 illustrates
the equivalence of multiple solutions under the conditions in
Proposition 3. The solutions in the two subfigures of Fig. 3
have identical costs in (12), because the power allocation in
the right subfigure is to concentrate the two half slots with the
same power allocation in the left subfigure into one full slot.
In addition, both solutions have identical throughput according
to Proposition 3, because the cost in (12) consumed by the
slots in set S,, (L") of the two solutions are identical. However,
although the two solutions yield the same cost in (12), the solu-
tion on the right is more desired because it uses only 3 time
slots as opposed to 4 time slots used by the solution on the left.

B. Cost-Aware Rounding Algorithm

To circumvent the issue from the non-unique optimal solu-
tions, we develop an easy-to-implement strategy to find a
better solution. At first, we prove that the cost gap is due
to the number of partially used slots.

Proposition 4: (Cost upper bound) Denote F* as the min-
imum cost of P1. For any optimal solution (P*, L") to &2,
the cost in (3) satisfies F(P*,L*) — F* < |S(L*)|\.

Proof: See Appendix G. (I

16731

Algorithm 3 Cost-Ware Rounding Algorithm
# Initialization process: set n < 0.
1) Calculate S, and F), based on (P* L*);
2) Arbitrarily fixing the order of elements in the set S,
and bisection search k and [n(t) according to (28);
3) Update I} (¢t) fort € Sh according to (27), set n < n+1,
and go to step 1 until n > N.
# Output L = L*.

As a result, the performance gap to the optimum of £?1 can
be decreased by reducing the number of the partially-used slot
sets, |S(L)|.

Based on Proposition 3, one can derive a set of optimal
solutions {(P, L)} based on a particular solution (P*, L")
to 2. In addition, we are interested in the solution that
minimizes |S(L)| because of Proposition 4. Given a particular
solution (P*,L*) to 72, compute the parameter S, =
S,.(L*) and F,, = Y oies, (Pn(t) + A5 (t). An equivalent
solution to Z?2 with a minimum |S(L)| can be found by
solving the following problem:

25 min%rlize |S ()|
subject to 1 (t) € L,Vi € Sn (24)
o (t) =15 (t),Vt ¢ Sp,Vn (25)

> 5 (6) + Nl () = Fn, Y0 (26)

teS,

and P = P*. Tt follows that p,(¢f) = p(t) meets the
first condition in Proposition 3, and constraint (25) and
constraint (26) correspond to the last two conditions in Propo-
sition 3, respectively. Condition (24) ensures the solution is
feasible to &?2. Thus, the optimal solution to &5 is also an
optimal solution to &2 according to Proposition 3.

Problem£?5 can be solved by a sequential approach by
decomposing it into N subproblems by partially optimizing
variable [, (t). Specially, given [, (t), m # n, the constraint
ln(t) € £ in &5 becomes 0 < I,(t) < 1 -3 15 (1),
and the objective becomes |S,,(L)|. Then the nth subproblem
of &5 degenerates to minimizing the cardinality of the set
Sy, (L) with modified constraint 0 < I, (t) < 1=, ., I (1).

For simplification, we use a bisection searching method to
approximately solve the subproblem, that is, updating [,, (t) for
t € 8, while leaving 1,, () for ¢ ¢ S,, unchanged, as shown in
Algorithm 3. By arbitrarily fixing the order of elements in the
set S, (L), as {q1,---qx}, where K = |S,,|, we opt for the
first k£ slots in S’n for full usage, and allocate the (k4 1)th slot
according to the constraint (26), while leaving the remaining
K — k — 1 slots unused. In other words,

1= >0 tef{a, -}
m#n

27
I (27

0 t€{q+1, qx}
where k € Z* and [,,(t) € [0,1 = I%,(t)) is chosen

m#n ‘m
to satisfy condition (26), that is the solution of the following
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equation

>

n€{q, - qr}

Oh @ +X) 1= > (1)

m#n

A CAORP G

N=qk+1

(28)

which can be solved by bisection searching method because
the summation function is monotonically increasing over k.

1) Complexity Analysis: The Algorithm 3  consists
of N rounds of bisection searching for %k and [,(¢)
with  O(T'log(T)) computational complexity, consisted
of O(log(T)) steps for the bisection search of k* and
I*(t), where each step requires O(T) for calculating
Ponctan oy @) + N = 32, ., L (8). As a result,
the computational complexity of the Algorithm 3 is
O(NTlog(T)).

2) Performance Analysis: Denote the slot duration as §,
and the transmission duration as I', and consequently, we have
T =T/4. We prove that the cost gap reduces to NoX by the
cost-aware rounding algorithm.

Proposition 5 (Asymptotic optimality): Let F* be the min-
imum cost of 1 and L be the output of Algorithm 3. Then,
F(P* L) — F* < N6\ ie, F(P*,L) — F* as § — 0.

Proof: See Appendix H. (]

It is shown from Proposition 5 that the proposed rounding
algorithm yields a solution that is asymptotically optimal for
small slot duration 0.

The overall computational complexity is O(NTw +
NTlog(T)), where w is the iteration number of Algorithm 2.
This is contributed by the two sequential processes: optimiza-
tion of the relaxed problem (Algorithm 2) with complexity
O(NT) per iteration, and optimization of the rounding prob-
lem (Algorithm 3) with complexity O(NT log(T")). Moreover,
when there is only one receiver, the overall computa-
tional complexity is O(T log(T')), where the optimization of
the relaxed problem can be solved by Algorithm 1, with
complexity O(T).

V. SIMULATION

Consider a 200 x 200 m? area, where 5 BSs, acting as the
nodes with known locations, and N, = 100 ground users,
acting as the nodes with unknown locations, are randomly
distributed, one UAV, serving as the transmitting node, nav-
igates along the y = 100 route, and four UAVs, two flying
horizontally and two vertically, acting as the receiving nodes,
traverse this area, as shown in Fig. 4. The height of users,
BSs, vertical-route UAVs, and horizontal-route UAVs are set
0 m, 10 m, 95 m, and 100 m. The speeds of transmitting and
receiving UAVs are 5 m/s and 3 m/s, respectively.

The channels are realized by h; = g¢;&; according to (1),
where g; includes path loss and shadowing [—g;]as = PL; +
X, and ¢; follows a Gamma distribution G(k;,1/k;). The
shape parameter x; is chosen randomly from 1 to 30. The
shadowing is modeled by a log-normal distribution, where y
follows zero mean and 8 variance with the correlated distance
5 m. The propagation for LOS and non-line-of-sight (NLOS)
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Fig. 4. Tllustration for BSs positions (blue diamonds), user positions (green

circles), and UAV routes (red lines with directions), where the solid line
represents the route of transmitting UAV and the dashed lines represent the
route of receiving UAV.

links is taken from the 3GPP Urban Micro (UMi) model
in [33] as

LOS link
NLOS link

pp. _ | 220+ 28.0l0g15(d;) +20logo(fe).
I 22.7 4 36.710g,0(d;) + 26 log,o(f.)

where d; is the distance between the transmitting node and
the receiving or interfered nodes, and f. = 3 Ghz represents
the carrier frequency.

Since there is the low blockage probability between UAVs,
we assume the channel between the transmitting node and the
receiving nodes is always in LOS, i.e., PL; = PLios, and
there is no shadowing between them, i.e., x = 0.

The blockage status between UAV and ground nodes is
simulated using the following steps. Initially, we employ the
LOS probability model [34], [35]

1
1+ aexp(—bl0 —a])

P(LOS, 0) = (29)
to generate LOS probability according to the elevation angle
0 = sin™'(u;/d;) x 180/, where u; represents their relative
height, and the parameters are set ¢ = 11.95 and b = 0.14
[35]. Subsequently, the blockage status is determined based
on a threshold pg = 0.5. The channel is considered blocked
if P(LOS, 6) < pm, otherwise, the channel is in LOS.

We evaluate the following baseline schemes

1) Best Effort With Perfect CSI — Best Effort (Non-
Predictive): This scheme determines the transmission strategy
by the best-effort transmission approach based on perfect
instantaneous CSI. Specifically, given the current instan-
taneous CSI, the transmission strategy is determined by
maximizing the sum capacity for nodes that have not yet
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completed full data transmission in each time slot, subject to
the power and interference constraints.

2) Predictive Communication Without a Radio Map — Pre-
dictive (Model-Based): When a radio map is not available,
the probabilistic LOS model (29) is used for constructing an
average channel gain model as §; = P(LOS,6) - PLios +
(1 —P(LOS,#)) - PLnLos. The predicted channel capacity is
approximated by ¢, £ log (1 + #pngn), where 3 = 0.5 to
back-off for the small-scale fading. The scheme then solves
21 based on the predicted average channel gain g; and the
predicted channel capacity ¢,.

3) Predictive Communication With Non-Orthogonal Trans-
mission Scheme — Predictive (Non-Orthogonal): This scheme
uses the radio map information and adopts a non-orthogonal
transmission approach, which uses superposition coding with
multi-user detection and successive interference cancellation
(SIC) to achieve capacity. Similar to work [36], a SCA-based
algorithm is performed to make the transmission strategy. See
Appendix I for details.

4) Proposed Predictive Optimization With Radio Maps —
Predictive (Map-Based): The proposed scheme first calcu-
lates the attenuation €, (t) according to Lemma 1 and the
interference-equivalent power upper bound p(t) according
to (10), based on radio maps ©. It then obtains an optimal
solution to 4?2 using Algorithm 2. Finally, the transmission
strategy plan is obtained through rounding the solution to
&2 based on Algorithm 3.

A. Interference Leakage

We first evaluate the impact of interference leakage on BSs
with the required data size .S;,, = 500 Mbits and interference
threshold Ips = —70 dBm. Fig. 5 shows the strongest inter-
ference power received among the 5 BSs at each time slot
over a duration of 7" = 40 seconds. The results demonstrate
that the proposed predictive optimization, which explores radio
maps, can prevent all unintended receivers with known posi-
tions from experiencing interference (beyond the interference
threshold). In contrast, when a radio map is not available,
the baseline scheme cannot guarantee that the interference
constraints are satisfied.

Subsequently, we evaluate the impact of interference leak-
age on users at unknown locations, as depicted in Fig. 6.
For each time slot, a user is deemed to be interfered if the
received interference power exceeds the interference threshold
of users I,.. Fig. 6 shows the cumulative ratio of interfered
users at each time slot over a period of 7' = 40 seconds,
where the ratio of interfered users at time ¢ is computed as
r(t) = SN E{I{maxuen pn (1) he (8) > Le}} / (NueT),
where h, (t) is the channel gain between transmitting node
to user q. It is observed that the cumulative ratio of interfered
users for the best effort scheme over the 40 seconds, statis-
tically roughly 50% of users experience at least —100 dBm
interference and 20% of users experience at least —80 dBm
interference for the entire period. For the proposed scheme
with radio maps, these ratios reduce to 40% (at A = 100) and
5% (at A = 0), respectively, achieving a gain of 10%-15%.
This is because the proposed scheme can reduce interference
power by employing radio maps to concentrate the power on

16733

-50 T T T
Interference
60F o threshold .
r ! l_‘ r 1
b ! !
-70 = —T7 AHET 711

Strongest interfered power over BSs (dBm)

10 20 30 40
Time (s)

—— Best effort (non-predecitive) Predective (map-based, A =100)
— = 'Predective (model-based, A =100) = Predective (map-based, \ =0)

Fig. 5. Strongest interference power received among the 5 BSs at each time
slot over a duration of 40 seconds.
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Fig. 6. Cumulative radio of interfered users at each time slot determined
based on interference thresholds Iye.

the good channels, and reduce the interference time by intro-
ducing the weighting factor to concentrate the transmission in
fewer slots. The property of short transmission duration is also
observed in Fig. 5 for the map-assisted scheme under A = 100.
In addition, compared with the scheme without an indicator
function to quantify the interference-related cost in (3), that is,
A = 0, the proposed scheme reduces the number of interfered
ground users by 20% under A = 100. This result justifies
the advantage of introducing the indicator function in the cost
function in (3), a simple but effective strategy for interference
reduction.

Fig. 7 evaluates the impact of interference leakage over the
delivery of different data volume S,,, where the average ratio
of interfered users is computed as ), (t). Compared with
the non-predictive transmission scheme, on average, the num-
ber of users affected by interference is reduced by over 10%,
even in the case without a radio map. With the employment
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Fig. 7. Average ratio of interfered users over different required data size
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of radio maps, this figure is further reduced by more than
14% (at I, = —100 dBm) and 70% (at I, = —80 dBm),
leading to fewer users being interfered with even without
knowing their locations or channels. The superiority is signifi-
cant when handling medium-sized data volumes, for example,
when S, = 400 Mbits, the proposed predictive scheme
with radio maps outperforms the best effort scheme by 23%
(at Iy,e = —100 dBm) and 90% (at I, = —80 dBm). The non-
orthogonal scheme performs worse than the proposed scheme,
especially when the users are sensitive to the interference
(Iye = —100 dBm). This is because (1) the non-orthogonal
scheme must use a looser capacity lower bound for handling
the small-scale fading, such that higher power levels are
planned, leading to a larger area of interference, and (2) the
non-orthogonal scheme does not account for the duration of
interference, resulting in prolonged interference periods.

B. Convergence and Complexity

We evaluate the following algorithms that also consider
the universal interference and exploit the radio map, but use
different strategies to plan resources.

1) LR & SCA: This algorithm solves the non-continuous
non-convex problem 1 through a four-step process.
(i) Continuity Transformation: A new parameter a(t) =
> nenr In(t) is introduced, replacing the indicator function
I{> 2, enln(t) > 0}, with constraints a(t) € [0,1] and
a(t)(1 —a(t)) < 0; (i) LR [29]: The non-convex constraint
a(t)(1 —a(t)) <0 is incorporated into the objective function
with a penalty factor; (iii) SCA [30]: The local problem is
approximated to a convex problem using Taylor’s approxima-
tion; (iv) CVX solver: The local convex problem is solved
using the CVX tool.

In addition, we evaluate the cost of the scheme without
rounding, i.e., applying the solution to Algorithm 2 for trans-
mission planning, the cost lower bound, i.e., the optimal value
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F* of the relaxed problem 272, and the theoretical largest
performance gap of the proposed relax-then-round strategy
according to Proposition 4, i.e., F* 4+ NG

Fig. 8 depicts the cost with the slot duration J. It is
observed that the cost of the proposed scheme with cost-aware
rounding (Algorithm 2 & 3) consistently remains below the
theoretical upper bound (Proposition 4), and both converge
towards the lower bound as the slot duration § diminishes. This
validates the performance gap solution in Proposition 4 and
aligns with the asymptotic optimality of the proposed scheme.
In comparison, a significant gap to the optimum is noted in
the absence of a rounding process (Algorithm 2 only).

While LR & SCA and proposed schemes have similar
performance, the computational complexity is significantly
different. Table. I shows the running time over different
slot lengths. The comparison includes the LR & SCA and
CVX & Algorithm 3 schemes, with the latter addressing
the proposed relax-then-rounding problem not with the pro-
posed dual-based algorithm solving problem &3, but with
the CVX tool. It is demonstrated that the proposed dual-
based algorithm achieves a time-saving factor of 8 times
compared to the non-orthogonal algorithm, 50 times compared
to the CVX scheme, and 1000 times compared to the LR &
SCA scheme for the case of N = 4. These results suggest
that the orthogonal scheme is easier to implement than the
non-orthogonal scheme, the proposed dual-based algorithm is
significantly more efficient than the general solver, and the
proposed relax-then-round scheme outperforms the general
LR-based and SCA-based algorithm in terms of efficiency.
In addition, for the case of N = 2, the proposed dual-based
algorithm achieves a time-saving factor of 100 times compared
to the non-orthogonal algorithm, 1000 times compared to the
CVX scheme, and 30,000 times compared to the LR & SCA
scheme. This is because the parameter v in Algorithm 2
converges faster for smaller IV, such that the running time is
dominated by step 1 with computational complexity O(NT).
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TABLE I
COMPUTATIONAL TIME (S) OVER DIFFERENTSLOT NUMBER T’

AND RECEIVING NODE N

T (N =4) 10 50 90 130 170
LR & SCA 106.4 357.9 587.5 1165 1222
CVX & Algorithm 3 | 3.854 13.510 23.996 29.212  38.603
Non-orthogonal [36] 0.456 2.102 3.685 5.449 7.180
Algorithm 2 & 3 0.128 0.273 0.413 0.513 0.652
T(N=2) 10 50 90 130 170
LR & SCA 57.78 114.7 121.3 232.9 306.5
CVX & Algorithm 3 | 2.306 6.099 10.26 14.18 18.32
Non-orthogonal [36] | 0.144  0.717 1.341 1.934 2.40
Algorithm 2 & 3 0.002  0.003 0.004 0.008 0.009

Fig. 9. The layout of the environment for low-altitude aerial communications
and an example of propagation paths between two nodes.
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Fig. 10. Path loss comparison between model-based and radio-map-based

predictions.

C. Experiment on a Synthetic Dataset Over a Realistic Environ-
ment

We conduct the experiments in a more realistic setting to
verify the advantage of the radio map in predictive communi-
cation. Specifically, we use Wireless InSite to simulate aerial
communication in San Francisco, as shown in Fig. 9, where
the green vertical line represents the trajectory of node 0,
and the other four red lines indicate the trajectories of the
receiving UAVs. Figure 10 illustrates the path loss between the
transmitter and two receivers, showing that channels cannot be
easily predicted without a radio map.

We perform the proposed predictive transmission strategy
on both the radio-map-predicted CSI and the model-predicted
CSI, respectively. The results, shown in Fig. 11, indicate that
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Predective (model-based, A = 100) —©— Predective (map-based, A = 100)

Fig. 11. (a) The time ratio of violation of the interference constraint,
defined as ¢y £ 3, .7 [{maxmer,nen Im,n(t) > Ios} /T, over the data
requirements. (b) Actual capacities versus throughput constraints, defined as
s 2 ming,enr Sn/Sn, over the data requirements, where Sy, is the actual
capacity.

the transmission strategy using the radio-map-predicted CSI
consistently ensures that the constraints are met. Specifically,
the interference to BSs is always below the threshold, and the
average capacity for the target user exceeds the throughput
requirement. In contrast, the transmission strategy using the
model-predicted CSI generates stronger interference and either
cannot guarantee transmission requirements (when A = 100)
or occupies too many resources (when A = 0). These
results justify the advantage of using radio maps in predictive
communication for better resource allocation and interference
management.

VI. CONCLUSION

This paper exploits radio maps and develops a relax-
then-round scheme for interference-aware predictive UAV
communications. First, a radio-map-assisted optimization
problem is formulated, addressing the uncertainty of future
CSI and converting the interference limit to an equivalent
power limit by exploiting radio maps. Then, the non-convex
problem is relaxed and transformed into a convex one, and
a dual-based algorithm with complexity O(NT') per iteration
is proposed. Subsequently, a cost-aware rounding algorithm
with complexity O(NTlog(T)) is developed, which is
theoretically proven to guarantee asymptotic optimality.
Simulations validate that the radio-map-assisted scheme
reduces the interference at the unintended receivers at known
locations below a prescribed threshold, and substantially
reduces the interference to the users at unknown locations.
Furthermore, the numerical results confirm that the proposed
relax-then-round scheme converges to the optimum as the slot
duration diminishes, and the running time of the proposed
scheme achieves orders of magnitude of reduction.

APPENDIX A
PROOF OF LEMMA 1

Since h,, follows Gamma distribution G(kp, gn/kn), then
Prhy, follows Gamma distribution G(ky,, Pngn/kn). Based on
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logarithmic Jensen’s gap theory [37, Proposition 3], we have
log (1 + E{pnhn}) — E{log (14 pnhn)} < €n
where €, = log(e)/k, — log(1 + 1/(2k,,)). Thus we have

hn)} 2 log (1 +E{pphn}) — €n
= log (1 +pngn) — €n.

E {log (1 + pn

APPENDIX B
PROOF OF LEMMA 2
At first, the function ¥(x) is monotonically decreasing in
z > 0, because its first derivative 2% = —z(In2)22°+<(t) /¢ (¢)
is less than O for = > 0. Then ‘we have 9(0) = (2¢) —
1)/g(t) + A > 0 and

¥ (max {2/In2,log (Ag (t) — 1) —
(2z+e (t) _

e(H)})
1)/gt)+x-2- (270 /g (1))
= =277 W/g () + A= 1/g (1)

-Ag@®) -1 /gt)+A-1/g(t)=0

As a result, the function ¥(x) has a unique root in = > 0, and
the root lies in (0, max{2/1n2,log(Ag(t) — 1) — €(¢)}].

APPENDIX C
PROOF OF PROPOSITION 1

For any t € 7, any feasible negative ¢(t) will decrease
the throughput and increase the cost, and thus there must be
optimal ¢*(t) > 0. In other words, the optimal solution to
problem &3 under N = 1 is equivalent to the solution to the
following problem

o 2T+ _
76 : mlnéfllllze ; <g(t) + )\> L(t)
subject to Z o(t) >S5
teT
¢ (t) €[0,e@)L(B)],1(t) € [0,1], VL.

Since the objective function in £?6 is convex and all the
constraints in 26 are affine, then Slater’s condition holds and
strong duality holds [31]. In other words, the KKT conditions
provide necessary and sufficient conditions for optimality [31].

A. Optimality Conditions

Let A = [p, v, v, v3, V4] be the Lagrangian parameter set,
then the Lagrangian function of &?6 is given by

L(¢,l,A)

= g (t)

1 +>\>l(t)+u<5—z¢(t)>
teT
+ ) (v ( () +v2 () (o (t) —€(t)1(1))

teT

—I—Z vs (

teT

Let (¢*,l") be the optimal solution to Z?6 and A*
be the optimal Lagrange multiplier to its dual problem.
Then we can derive from the KKT optimality conditions that

) +va(t) (L(E) —1)).
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Vi, (™, 1", A*) should satisfy

OL
W(t) =0 (30)

L
—d(t)v1(t) >0,v1(¢) >0 (32)
(@) —c@®) 1) v2(t) 20, v2(t) 20 (33)
—1 (t) VU3 (t) 2 O7 V3 (t) >0 (34)
(L) = 1va(t) >0, va(t) >0 (35)
(S—Z¢(t)>ﬂ>o >0 (36)

teT

Re-converting ¢ (t) by ¢ (¢) and [ (t) according to ¢ (t) =
¢ (t) /1(t), based on (30)-(36), we have that the optimal
capacity and frequency allocation (c*,1*) should satisfy V¢,
(34, 35) and

In2- 250+ /g (1) — p— vy () + (): (37)

O (e(t) —v2 (t) e (t) —vs () +va (t) = (38)

—c(®)l(t)vi(t) =0, v1(t) 20 (39)

(c()L(t) —e(®)l(t) vz (t) >0, vz (t) >0 (40)

(S—Zc(t)l(t)>u>0,,u>0. (41)
teT

B. Optimal Allocation Strategy

Based on conditions (37, 39, 40), we can get the relationship
between the optimal capacity ¢*(¢) and the optimal Lagrangian
multiplier p* during the non-zero allocated time [*(t). Note
that when [*(t) is 0, the capacity ¢*(¢) is 0, according to the
definition of p(¢) in (16).

If ¢*(t) = 0, then vy (t) > 0, v2 (t) = 0 according to (39)
and (40). Then, based on condition (37), we have pu* <
In2-2¢W+e®) /g(t) = In2- 2B /g (t). If c*(t) € (0,E(t)),
then vy () = 0, vz (t) = 0 according to (39) and (40). Then,
based on condition (37), we have p* = In2-2¢ (O+e(®) /g (1),
If ¢*(t) = &(t), then vy (t) = 0, vy (t) > 0 according to (39)
and (40). Then, based on condition (37), we have u* >
In2 -2 0+ /g (1) = In2 - 260+<®) /g (¢). In summary,
the optimal allocated capacity can be expressed as a function
of optimal Lagrangian multiplier p*, as

0 P p(t)
)= los (9 () /n2) ~ () (o) < <)
(1) w7 ()
(42)
where p(t) = In2-2°Y /g(t) and fi(t) = In2- 25+t /g(1).

Based on conditions (34, 35, 38, 40), we can get the
relationship between the optimal time [*(¢) and the optimal
capacity c*(t).

When ¢* (t) = 0, there must be [* (¢) = 0. Otherwise,
vy (t) = 0 according to (40) and v3 (¢) = 0 according to (34),
then condition (38) becomes

(20 —1) /g () + XA+ v () =0
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thus (2 — 1)/g(t) + X < 0, then A < 0, which contradicts
the setting of A\ greater than 0.

When c¢* (t) > 0, there are two cases based on whether
the maximum generalized efficiency is achievable or not,
where the generalized efficiency function is defined as 7(t) =
c(t)/p(c(t)), where p(c(t)) = 240+ — 1) /g(t) + X rep-
resents the overall cost consumption. Since (c(t)) is convex
over ¢(t), then 7(t) is a quasi-concave function with respect
to (w.r.t.) ¢(t) [31], and the maximal generalized efficiency

occurs where its first derivative 8"—8 equals to 0,

(20(t)+6(t) _ 1) Jg(t)+ X —c(t) (ln2 . 20(t)+€(t)/9 (t))
((2¢0+®) — 1) /g (£) + A)°

that is, 9(c(t))/((2°M+<® —1)/g(t) + A\)? = 0 according to
the definition of 9(c(t)) in (18). Since ((26W+<() —1)/g(t) +
A)?2 > 0 due to ¢(t) >0, €(t) > 0, and A > 0, the solution
to the equation ¥(c(t)) = 0 with ¢(¢) > 0 is the capacity with
maximal generalized efficiency, denoted as ¢(t). Note that &(t)
always exists and ¢(t) > 0 according to Lemma 2. In other
words,

=0

F(c(t))] = t) (43)
).

For the case (i) when the maximum generalized efficiency
is achievable, that is, t € 7; £ {t € T : &(t) < &t)}. If
c(t) € [0,é(t)), we have ¥(c(t)) > 0 according to (43) and
va(t) = 0 according to (40). Then based on (38), we have

—v3(t) +vg(t) <O

which indicates vs (t) # 0, thus {* (t) = 0 according to (34).
If ¢ (t) = é(t), we have ¥(c(t)) = 0 according to (43) and
va(t) = 0 according to (40). Then based on (38), we have

—v3 (t) +va (t) =0

which indicates v3(t) = w4(t) > 0, thus I* (¢) € [0,1]
according to (34) and (35).

If c¢(t) = (é(t),e(t)], we have ¥(c(t)) < 0 according
to (43). Then based on (38), we have

—vg (t)E(t) —uvs (t) +va (t) >0

which indicates v4(t) # 0, thus [*(¢) = 1 according to (35).
In summary, the relationship between the optimal time [*(¢)
and the optimal capacity ¢*(t) is

=0 c* (t) €[0,¢é(1))
P64 e0,1] (@) =eé) (44)
—1 ) e e),e)
fort e Ty = {t:e(t) <e(t)}
Similarly, for t € 7o £ {t : é(t) > &(t)}, we have
. =0 c* (t) € [0,¢(t))
®) { €0,1] ¢ @) =c¢c(t) 43)
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Finally, according to condition (41), the optimal solution
(c*(t),1*(t)) is the solution to the following problem

S e =5

teT

(46)

otherwise, 1 = 0, then ¢* (t) = 0 according to (42) and the
throughput constraint cannot satisfy.

C. Dual Problem

Denote I 2 [i(t)];er as the frequency allocation when y =
fi(t) for t € 7; and when p = [i(t) for ¢ € 75. Combine
the optimal capacity allocation strategy (35) and the optimal
frequency allocation strategy, (44) and (45), the optimal ¢(t)
and [(t) can be expressed as

@G) fort € T

0 p<fu(t)
b(t) = et)l(t) p=fi(t)
log (ug (t) /In2) —e(t) () <p<p()
c(t) > (t)
47)
L) =T{p>p @)} +1) 1{u=p0)} (48)
(ii) for t € T
0 p<p()
p(t)=qc®)l®) p=qn() (49)
c(t) > fi(t)
L) =T{u>a0}+IOH{p=0at} (50

where (47) holds because p(t) < ju(t) £ In2 - 2¢(+e(®) /4(¢)
due to &(t) > 0, and (49) holds because fi(t) = (p(t) +
A)/(log(1+p(t)g(t)) —e(t)) is the marginal rate of throughput
cost when the slot is active at time ¢ for ¢ € 75. Note that
for t € 77, the marginal rate of throughput cost, denoted as
AF(t)/A¢(t), is always u, according to Lemma 3.

Finally, combining the condition (46), the parameter (1, 1)

are chosen from
T (1) 2 6it) =
teT

Lemma 3: For t € Ty, the marginal rate of throughput cost
is always L.
Proof: There are two kinds of throughput increasing for
t € Tq, i) increasing the allocated time At when p = fi(t);
ii) increasing the allocated power Ap when [ (t) > p > i (t).
For case i), the marginal rate of throughput cost is

AF() _ (p(H)+A)- At _ (26040 _1)/(¢) +
Ap(t) ¢(t) - At ¢é(t)
(5D
Since V¥(é(t)

0 according to (43), we have (2°6()+<(*)
)

(é(t)) =
1)/g(t) + X = é(t) - (In2- 26+ /g(¢)). Thus (51) becomes

(t) In9 . 2c®)+e(t) (@ . -
Rol) — g W=n
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where (a) holds because é(t) =
according to (42).
For case ii), the marginal rate of throughput cost is

log(ji(t)g(t)/ In2) — e(t)

AF() V(1) Ap

AG(D) ~ Vuelt)-An 42
where ¢(t) = log (1 - g(t)/In2)—e(t) and p(t) = (26O +e(t) —
1)/g(t) = (pg(t)/In2—1)/g(t) according to (42). Thus (52)
becomes

AF(t)  1-Ap

Aolt) ~ Toap "

(]
APPENDIX D

PROOF OF PROPOSITION 2

Function T(,u,i) is a summation of non-negative function
¢(t) over t according to its definition in (23). Thus, function
Y (i, 1) has monotonicity property if function ¢(t; p,1) over
(u,1) for all ¢ € 7 has monotonicity property. Accordingly,
we will prove that for all t € 7, any pq > pp > 0, and
1> 11,0, > 0, it holds that ¢(t; p1,11) > (t; pia, o); then,
prove that for all t € 7, any 1 > [ > Iy >0and pu > 0,
it holds that ¢(t; 1, 1) > ¢(t; u,lg) o

When pq > po > [a(t), o(t; p1,l1) = o(t; pa, la), Vig,las €
[0,1]. When f(t) > w1 > pe > [(t), the throughput
log(ug(t)/In 2)—e(t) is positive and monotonically increasing
over p due to its first derivative (In2 - p)~' > 0, thus
¢ty ly) > ot pa,l2), Vi, € [0,1]. When f(t) >
po > pe = 0, lim, - @) = 0 < o(ta(t),l) <
log(A(t)g(t)/ In2) — €(t) = lim,,_ z()+ ¢(t) due to L € [0, 1],
thus ¢(t; p1,01) > G(t; pa,la), Vi, I € [0,1].% In summary,
forall t € 7, any u; > pz >0, and 1 > l~1,l~2 > 0, it holds
that ¢(t; pu1, 1) > b(t; pa, lo).

If pu # fu(t), [ has no effect on ¢, then we have gi)(t pylh) =
B (t; 1, 13) for any 1 > L > 1y > 0. If u # (), ¢ is linear
function over I, thus we have ¢(t;p,1,) > ¢(t; i, Iy) for - any
1>11 >y > 0. In summary, for all ¢t € 7, any1>11 >
Iy >0 and g > 0, it holds that ¢(t; 1, 11) > ¢(t; i, lo).

APPENDIX E
LARGE GAP CASE

Consider a one-receiver zero-neighbor scenario with con-
stant and deterministic channel, that is, N = 1, M = 0,
g(t) = gc, and Kk(t) = oo for all ¢ € T. One of the optimal
solutions to 272 is I'(t) = I, and p'(t) = p. for all ¢t € T,
where T'.log(1 4 p.g.) = S. Suppose there is a throughput
requirement .S such that >, 1'(t) < 1, that is, [T < 1, one
can construct another transmission strategy (P”, L"), where
(1) = I.T, p"(1) = p., and I"(t) = 0, p"(t) = 0 for
teT\{1}.

The following can be observed for strategy (P”, L"): (i) the
strategy (P”,L") is also an optimal solution to problem
22 because the relaxed cost (12) and throughput (2) under

3Here, a”
limit.

represents the left-sided limit and at represents the right-sided
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(P" L") are the same as under (P’, L’). (ii) The difference

of the actual cost (3) of two strategies is A(T" — 1) because
Ja (P/,LI> _F (P”,LN>
=> P WU+ 1Y _I{' () >0}
teT teT
= P )+ A T{" (t) > 0}
teT teT
=T -\

In addition, the optimal value of £21, denoted as F'*, is less
than or equal to the cost in (3) by the solution to £22, i.e.,
F* < F(P*,L"), where (P*,L") is an optimal solution to
P2, because Z1 and &2 are two optimization problems with
the same feasible set. As a result, the additional cost in (3) by
the solution of &2 can be given by

F(P",L*)—F*">F(P*",L")— F (P”,L”)
(a) F (P/7L/) _F (P”,LH)
=XT-1).

where (a) holds because (P’, L) is one of the optimal solution
of P2.

APPENDIX F
PROOF OF PROPOSITION 3

Denote the generalized efficiency on the optimal solution as
(1) = ¢, (8) / (P, (1) + A) (53)

where ¢ (£) = log(1 + P ()ga(£)) — en(t).

Lemma 4: The generalized efficiencies of all partially-used
slots by any receiver n are the same, that is, n,(t1) =
nn(tQ)a that2 € Sn(L*)

Proof: Suppose that there is an optimal solution to &?2,
(P*, L"), where there are two partially-used slots ¢1,t, € S,,
with different generalized efficiencies, without loss of gener-
ality (w.l.o.g.), nn(t1) > mn(t2). One can construct another
frequency allocation strategy L', where I/, (t1) = 1% (t1) + la,
I (ta) =15 (t2) — s, and 1), (t) = 1% (¢) for all ¢t € T\{t1,t2},
such that Y,,(P*,L*) = T,,(P*, L"), that is

M (t1) (P, (1) + M) 15, (1) + 0 (t2) (pr, (B2) + A) 15, (2)
=1 (t1) (P, (t1) + A) I, (81) + 1 (£2) (07, (£2) + A) I, (£2)

based on the definition of generalized efficiency in (53). Thus
we have 1, (t1) (p;, (t1) + A) la = 0 (t2) (p}, (t2) + A) s
However, the cost consumed by strategy (P*,L') is less
than by (P*, L*). This is due to the less cost for transmitting
to receiver n
F,(P*,L)
= (py, (t1) + N I, (t1) + (7, (t2) + N I, (t2) + Ex
= B (P*, L) + (9}, (t2) + N &y (10 (t2) /1 (1) — 1)

@ (54)

< F,(P*,L")
where B = 3 .o 4, 1,1 (PR(t) + A5 (1), and (a) holds
because 1, (t1) > Mn(t2). Thus, (P*,L*) is a strictly sub-
optimal, which contradicts the hypothesis. As a result, for all
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n € N, the generalized efficiencies 7, (t) of all partially-used
slots ¢t € S,, are the same. O
Then, we prove that the strategy (P, L) is also optimal
by showing the cost and throughput are the same for both
strategies (P*, L*) and (P, L).
The throughput on any receiver n under (P, L) is the same
as under (P, L") because

T (P =Y ¢nt)+ > ¢n()
teS: teT\S:
DN s+ Y 6nl0)
teS;y teT\S;
23 0.0+ Y ut)
teSy teT\S;
=7, (P,L)

where Sy £ S, (L"), (a) holds because p,(t) = pj(t) and
ln(t) = Ui(t) for all t € T\S} according to condition
(i) and (ii), and (b) holds because

* (C) * *
Dol ®en ) =) () (1) () (1) + )
teS: teSrx
D S T > b )+ )
teS; teS:
D > H+A) Y >l (t
= 77n ln
teS; teS;

where (c) and (g) hold according to (53), (d) and (f) holds
according to Lemma 4, and (e) holds due to condition (iii).
The relaxed cost in (12) under (P, L) is the same as under
(P*, L") because
F(P*,L")
N

D@L @)+ NG () +

1 \teS:z

Yo L)+ NG )

n t=T\S;

=
WE

D 05 (&) + A () +

1 \teS;

Y )+ N ()

t=T\S;

n

WE

Do aOFNL O+ D (P& F N (8)

1 \teS; t=T\S;
=F(P,L)
where (a) holds because p,(t) = pj,(t) and 1, (t) = I;,(t) for
all t € T\S; according to condition (i) and (ii), and (b) holds
according to condition (iii).

As a result, the strategy (P, L) is also optimal if the three
conditions in Proposition 3 hold.

n

APPENDIX G
PROOF OF PROPOSITION 4

The performance gap is bounded by
F(P*,L*)—F*

(a) N
< F(P*,L*) - F(P*, L")
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:/\Z

(H{Zz;(t) >o} -
teS(L*) neN

>on (t)>

neN

+A > H{Zl;(t)>0}—2l;;(t)
teT\S(L*) neN neN
Ny (1 -3 )
teS(L*) neN
<A Z (1) =|8 (L")

where (a) holds because the optimal value of problem £72
is a lower bound on the optimal value of &1, and (b) holds
because when ¢ € S(L*), then >\ 1% (¢) € (0,1), thus
{3, entn(t) > 0} = 1, while when t € T\S (L"),
then I{}° .\ li(t) > 0} Y onen In(t) no matter of
Y omen ln()=0or 1.

APPENDIX H
PROOF OF PROPOSITION 5

Denote the nth round of solution of Algorithm 3 as ™.
We will prove by induction that the transmission strategy
(P*,L™),¥n € N is optimal to 2. Firstly, (P*, L'?) is
a solution to #?2 because (P*, L") is a solution to 4?2 and
L = L*. Secondly, suppose (P*,L"~Y) is an optimum
to 22 forall n € {1,---,N — 1}, then (P* L") is also
an optimum to &2 according to Proposition 3, because the
constraints in problem &5 ensure the conditions in Proposi-
tion 3 hold. As a result, the strategy (P*, L) = (P*, L'™))
is an optimal solution to &72.

Next, we prove the cardinality of partly used slots in L are
less than N

5 (2)] =] (=)

N (L(N)) +

Il
=
—
92]
—
S
&
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(d) holds because Sn(L(")) C {qr+1} according to (27), and
(b) to (c) hold because for any n € {2,--- , N}

where (e) holds because 7;(L™) C T;(L™Y) due to
lg") = lgn_l),Vi # n in the nth round, and (f) holds because
S(L™) € S(L™Y) since the step 3 in Algorithm 3 only
modifies 1,,(t) for t € S,,(L™~Y) € S(L™"~Y).

Finally, combining the results that (P* L) is an optimal
solution to 2?2 and |S(L)| < N, we can deduce that
F(P*, f,) — F* < N6 according to Proposition 4.

APPENDIX I
IMPLEMENTATION DETAILS FOR THE
NON-ORTHOGONAL TRANSMISSION

In non-orthogonal transmission, the multiplexing is done
in power domain, then the interference-constrained problem
becomes

min Y Y pa () +AD L9 D pa(t) >0

)

teT neN teT neN
P (t) hn (1)
s. . E log [ 1+ > Sp,Vn
z;' Zke/\/; pr (1) b (1) +1
E 4 han (2) Z Pn () p < Jos, Vm,t

neN
P (t) >0,Vn,t

where N is the nodes that decode later than n.

The first challenge is estimating the lower bound of through-
put due to the complex signal-to-interference-and-noise ratio
(SINR) distribution, then, a fixed attenuation of 2.5 dB
(¢ = 0.56) is added to ensure the expected throughput
constraint. The second challenge is the non-convex and non-
smooth nature of the objective function due to the indicator
function, which is resolved by setting A = 0. The third chal-
lenge involves the non-convex set constrained by throughput,
handled by employing a local approximation convex method
as in [38]. As a result, given the last round of transmission

power pﬁf ) (t), using the radio map, the problem becomes

min > > py (1)

" teT neN
Spn (1)
s. t. ap (t)log [ 1+
tez; ' 2 kens P (1) +1/gn (1)

+ By (t) = Sn,Vn
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D> () <p(t), vt
neN
P (t) > 0,Yn,t

where o, (t) = 20(t)/(1 + 20(t)), Bn(t) = log(1 + 29(t)) —
an(t) log(z0(1)). and z0(t) = <pi (B/(Cpen; 2y (1) +
1/gn(t)). In order to solving this problem efficiently,
a Lagrangian-based algorithm is employed, as proposed
in [36], optimizing transmission power and Lagrangian param-
eter iteratively.
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