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Abstract—The explosive growth of the sixth-generation (6G)
wireless system necessitates efficient base station (BS) deployment
to balance coverage, data rates, and economic costs. In this paper,
we propose a novel BS deployment scheme that jointly optimizes
the number and locations of the deployed BSs, considering limited
BS throughputs and practical non-uniform user distributions. A
variant multi-dimensional knapsack problem is formulated and
then solved by proposing a novel depth-limited backtracking
dynamic programming (DLB-DP) algorithm with a BS-user
association (BSUA) algorithm. We compare the proposed DLB-
DP algorithm with three state-of-the-art benchmark algorithms
in a hotspot scenario. The results demonstrate that the proposed
algorithm outperforms the considered alternatives in terms of
coverage, data rates, and robustness under varying user densities.

Index Terms—BS deployment, knapsack problem, dynamic
programming, hotspot scenarios, network planning.

I. INTRODUCTION

The vision of the 6G wireless system is evolving towards
“global coverage, all spectra, full applications, all senses, all
digital, and strong security” [1]. The proliferation of smart
devices and data-intensive applications has triggered an ex-
plosive growth in demands for high Quality of Service (QoS)
services [2], [3], particularly in hotspot scenarios [4], creating
significant challenges for network planning. These challenges
make it necessary to rethink the BS deployment problem
(BSDP), with jointly optimized coverage, data rates, and
economic costs considering non-uniform user distributions [5].

Over the past decades, extensive research has been con-
ducted on BSDPs. Some studies focused on adjusting BS
parameters, such as the number of sectors and transmission
power, via channel measurements under different scenarios
and frequency bands [6]-[8]. Similarly, others employed chan-
nel modeling for specific scenarios to assist BS deployment
planning. For instance, authors in [9] utilized ray tracing to
evaluate communication quality and deployed additional BSs
in areas with weaker performances. Although these studies
offer good performance for specific scenarios, the cost of
channel measurements and modeling limits the scalability.
In [10], authors formulated the joint optimization problem of
BS placement and power control as a mixed-integer convex
programming. The study was based on a predefined fixed num-
ber of BSs to find the optimal deployment scheme, while users
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were simplified as service areas with fixed distributions in the
scenario, ignoring the impact of user density. In [11], a ray-
tracing-based indoor wireless resource optimization algorithm
was proposed to meet the predefined capacity requirements.
However, comparative analysis across multiple scenarios re-
vealed that the method did not perform well in high-density,
high-user-demand scenarios. The authors in [12] proposed a
hybrid method for BSDP in outdoor scenarios with uniform
user distributions, where the BS-user association was based
on QoS, ignoring downlink overload for BSs. In [13], the
improved Hooke-Jeeves algorithm was proposed to find the
optimal locations of BS for a large indoor office to jointly
optimize the coverage and interference, while the number of
BS is fixed and the users are uniformly distributed.

In summary, most existing studies address BSDP with a
given number of BSs, inherently restricting the optimization
scope of deployment configurations. Meanwhile, the downlink
overload of BSs in hotspot scenarios resulting from high user
density is often ignored. Therefore, the joint optimization
problem for the number and locations of BSs in outdoor
hotspot scenarios, a multi-objective problem with constraints,
requires rethinking. The knapsack problem, a classic combi-
natorial optimization problem with great flexibility, has been
extensively applied in BSDPs [14]-[16]. It can be extended
into different variants, such as the multi-dimensional knap-
sack problem [14], the knapsack-like problem [15], and the
multiple-choice nested knapsack problem [16], by incorpo-
rating additional constraints or using more complex objec-
tive functions.

Motivated by the discussion above, the main contributions
of this paper are summarized as follows

e We propose a novel BS deployment scheme that jointly
optimizes the number and locations of the deployed BSs
by formulating a variant multi-dimensional knapsack-
problem with a practical non-uniform user distribution.

o We solve the deployment problem by proposing a novel
DLB-DP algorithm with the proposed BSUA algorithm
considering the limited BS throughputs.

o We demonstrate the advantages of the proposed DLB-
DP algorithm with BUSA regarding coverage, data rates,
and robustness through comprehensive comparisons with
state-of-the-art benchmark schemes.
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Fig. 1. The outdoor hotspot scenario.

The rest of the paper is organized as follows. Section II
introduces the system model of an outdoor hotspot scenario.
In Section III, the considered BSDP with the joint optimization
is formulated and solved. Section IV analyzes the coverage,
data rates, and robustness of the proposed scheme. Finally,
Section V draws the conclusions.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider an outdoor hotspot
scenario, where the buildings are represented by geometric
shapes and the BSs are to be mounted on rooftops. The
potential locations of the BSs, referred to as candidate points
(CPs), are located at the centers of grids divided with an
interval of §. The users are independently uniformly distributed
in the coverage area according to a Thomas cluster point
process (TCPP) to reflect practical hotspot patterns. We denote
by U = {1,...,K} and B = {1,...,L} the index sets of
users and CPs, respectively. We let B = {l : z, = 1,1 € B}
with cardinality L = |B| denote the set of locations of
deployed BSs with binary variable z; = 1 if a BS is deployed
at CP [ and z; = 0 otherwise.

A. Large-Scale Fading Model

We adopt the large-scale fading model under an urban micro
(UMi) street canyon scenario. The path loss between CP [ and
User k is calculated in dB as [17]

PLy; =
32.4+21.0log; o (%) +20logo (7ds )+ F&, pu=1, (1)
32.4+31.9log; (%) +20log, o (7der )+ FN, pr=0

where dy; is the distance, f. is the carrier frequency, and
binary variable py; is the line-of-sight (LoS) probability with
pri =1 indicating a LoS path between CP ! and User k£ and
pr1 = 0 otherwise. The shadow fading in the LoS and non-
LoS (NLoS) cases are represented by F- ~ AN(0,42) and
FN ~ N(0,8.1%), respectively.

B. Coverage Ratio and Data Rate

The received signal power at User k from the BS at CP [ is
denoted by Sk; = Pgs/PLy;, where Pgg is the transmit power
of BSs. Consequently, the signal-to-noise ratio (SNR) is

SNRy; = Sk /P 2

where P, is the noise power at users. A user is reachable by
a BS if their SNR exceeds a predefined threshold SNR. The
reachable user set of the BS at CP [ is given by

U, = {k : SNRy; > SNR, Vk}. 3)

However, due to limited downlink throughput, a BS cannot
simultaneously serve all its reachable users. Therefore, a BS
must select the best users to serve from the reachable user
set by performing BSUA, which will be elaborated on in
Section III. For now, we let Uy = {k : pr = 1,k € U;}
denote the subset of users served (or coverd) by the BS at CP
[, where binary variable ¢y; =1 if User k is served by the BS
at CP [ and ¢g; =0 otherwise. Therefore, the coverage ratio
is defined as the percentage of served users compared to all,
which can be calculated as

1 1 K
Yo = E |Ul€EUl‘ = Ezk=1 Zleg Pk,l- (4)

The signal-to-interference-plus-noise ratio (SINR) of User &
from its serving BS at CP [, is given by

SINRj = Sklk/(-[k +PR) )

where Iy = )5 14, Skr is the interference power from
other BSs. The data rate of User k is calculated by Ry, = B -
logy(1+ SINRy,) where B is the bandwidth. The average data
rate of all users is calculated as R = £ 31| >, 5 ¢ Re.

III. BS DEPLOYMENT THROUGH DLB-DP wiTH BSUA

In this section, we propose a novel BS deployment scheme
that jointly optimizes the number and locations of the deployed
BSs considering throughput limitations and economic costs. A
variant multi-dimensional knapsack problem is formulated and
solved by our proposed DLB-DP algorithm with BSUA.

A. Problem Formulation

We aim to jointly improve the coverage ratio and average
data rate with the lowest economic costs constrained by
limited downlink throughputs. By assuming that all deployed
BSs share identical configurations, we formulate the multi-
objective and combinatorial optimization problem as a variant
muti-dimensional knapsack problem P;, which is given by

R

P;: maximize A\——+ (1 — A)r, 6a
! {z1,0m} maxy 219k Rk ( Jre (6a)
L
s.t. Zl=1 o<1, VI (6b)
L
21—1 2w <Q, VI (6¢)
K
>, APkRE < Cmax, Yk (6d)
z€{0,1}, Wl (6e)
om € {0,1}, VEk, Vi (6f)

where wj is deployment cost at the CP [, (2 is the deployment
budget, and Cnax is the maximum throughput at BSs.

The objective function of problem P; in (6a) optimizes a
weighted combination of rate fairness and coverage perfor-
mance. The first term R/ maxy, 21k Ry, encourages equitable
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data rate distribution and the parameter A is used to balance the
rate fairness and coverage. Constraint set in (6b) guarantees
that each user is served by at most one BS. The deployment
cost and BS throughput constraints are represented in (6¢) and
(6d), respectively. Constraint sets in (6e) and (6f) indicate the
binary nature of the optimization variables.

While theoretically rigorous, the throughput constraints in
(6d) introduce unaffordable computational complexity by cou-
pling with the dynamic data rates Rj. Therefore, a lower
bound Chy, is defined to represent the minimum acceptable
data rate. Given Cp,,, the maximum number of users served
by a BS can be calculated as Npax = |Cmax/Cmin|. With
this assumption, the constraints in (6d) can be simplified as

K
> 9K S Noa,  VE. ()
Then the problem can be rewritten as
R
P2 : maximize A———+ (1 - M)r 8a
20 Gihew)  maxy zpm Ry ( e (@)
s.t.  (6b),(60), (6e), (6f), (7)

B. DLB-DP Algorithm with BSUA

The formulated problem Py is a variant multi-dimensional
knapsack problem that shares fundamental similarities with
the 0-1 knapsack problems, particularly in its binary decision
process. To this end, inspired by the traditional DP [18], we
propose a novel DLB-DP algorithm outputting the deployed
BS set B and the serving indicators {(;}, summarized in
Algorithm 1, The algorithm proceeds as follows.

1) Subproblem Decomposition: The formulated problem P,
is divided into nested subproblems

Pon @ maximize Fi,, (9a)
{z1} {pr}
s.t. (6b), (6¢), (6¢), (61), (7)

where P,,,, represents the optimal deployment for the first m
CPs under deploy_rnent budget n and F,,, = )\m +
(1 — X)re with R and Ry calculated by utilizing {2} and
{¢x1} in the current iteration, m=1,...,L, n=1,...,Q.

2) State Transition with BSUA: The set B,,, is used to
record the set of deployed BSs for the subproblem P,,,. A
state transition flag v is used at lines 4, 11, 17 and 19 in
Algorithm 1, to indicate the direction of the state transition.
The state transition function of the algorithm is expressed as

10)
where F(,,_1), and F},, are Fy,, and F’ given in lines 5
and 9 in Algorithm 1, respectively.

The proposed BSUA algorithm, which is summarized in Al-
gorithm 2, employs an iterative greedy strategy comprising two
sequential phases , subject to constraint (7). Initially, unserved
users are prioritized by sorting candidate users within each
BS’s coverage through SNR metrics, exclusively assigning
the top (Nmax—Y ;i) users to BSs with available capacity.
Subsequently, the algorithm resolves multi-BS associations by
retaining only the highest-SNR connection for over-associated
users, systematically eliminating cross-cell interference.

Fon — max{F(m_l)n, F,'rm}

Algorithm 1: The DLB-DP Algorithm.
Input: w, L, Q, Npay, d.
Output: B, {¢x : Vk,1}

1 Initiation: m =0, n =0, Fp < 0, Bin < 0,
{or = 0:Vk,1};

2 form=1,...,L do

3 forn=1,...,Q do
4 Reset the state transition flag v < 0;
5 Update F,,, < Fpyp and By, < By With
m'=m—1;
6 if w,, < n then
7 Update B’ < By U {m} with
n'=n—wn;
8 Update {p; : Vk, VI € B'} via BSUA with
inputs B’, Nyax, and {¢g; : Vk,VI € B'};
9 Calculate F’ via (6a) with B replaced by
B’ and the updated {py; : Vk,VI € B'};
10 if I’ > F,,;, then
1 | 7«1
12 else
13 Update B'<{thelast d elements of B'};
14 while F’ < Fy,,/,» do
15 Remove one element from B’ and
update F’ via (6a);
16 if F/ > F,,,, then
17 v+ 1;
18 L break;
19 if v =1 then
20 | Fonn < F' and By < B';
21 B < Bpn;

22 Return B, {py; : Vk,1}.

3) Depth-Limited Backtracking (DLB): According to (6a),
the value of the objective function F' depends on the combi-
nation of deployed BS. Introducing a new BS may not always
improve F', but potentially lead to its degradation. Rather than
discarding such a CP immediately, which could lead to a local
optimum, we propose a DLB scheme with a search depth d
from lines 13 to 18 in Algorithm 1 to balance solution quality
and computational feasibility.

C. Complexity Analysis

The overall time complexities are compared based on the
number of evaluations of the network. The proposed DLB-DP
achieves O((14+d)Q2L) complexity through dynamic program-
ming with backtracking depth d, outperforming Hooke-Jeeves’
complexity O(DQ?) [13] that scales quadratically. Here, D is
related to the step size and other parameters in the algorithm.
Greedy methods maintain linear complexity O(Q2L) [19] but
suffer from suboptimal performance. The random deployment
requires no optimization, with the complexity of O(1).
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Algorithm 2: The BSUA Algorithm.

Input: B', Nyax, {¢w : Vk,Vl € B’}

Output: {¢y; : Vk,VI € B'}
1 Obtain the reachable user sets {U/; : VI € B'} via (3);
2 repeat
3 | forBSatCPleB \{j:> 1 ¢rj = Nmax} do
4 Sort {SNRy; : k € U; and Ej YR =0} in
descending order and include (Nmax— ;i)
users with the largest values in set Cj;
5 Serve the users in C; by letting =1, k € Cy;

for user k € {i: ), oy > 1} do

Find BS at CP I, = argmaxicp’ o, =1 SNRy;
8 _Letgaklzo,‘v'le{j:jEB’a.ndj;élk};
until ", 0 = Nmax, VI € B';

Return {¢y; : Vk,Vi € B'}.
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Fig. 2. Number of deployed BSs versus maximum allowed number of BSs
with different deployment algorithms (1.5 x 10* users/km?).

IV. RESULTS AND ANALYSIS

In this section, the performance of the proposed DLB-DP
algorithm is evaluated through comparative analysis with the
Hooke-Jeeves algorithm [11], [13], the greedy algorithm [19],
and the random algorithm. We consider a hotspot scenario of
312.18x330.51 m2, where the users are distributed according
to a TCPP. Each CP has a unit deployment cost, i.e., w; =1,
VI, making the budget constraint {2 equivalent to the maximum
allowed number of BSs. Other key parameters are summarized
in Table I, where the value of the coverage-rate tradeoff factor
A in (6a) is determined via Pareto analysis to balance coverage
and rate fairness objectives. The minimum QoS requirement
is set to Cpyin =10 Mbps for high-definition videos.

Fig. 2 demonstrates the number of deployed BSs L varying
with the maximum allowed number of BSs (2. The proposed
DLB-DP algorithm converges with 4 BSs when 2 > 4 while
the other schemes keep deploying the maximum allowed BSs,
highlighting the effectiveness of the DLB-DP algorithm in
cutting the deployment costs by optimizing the number of
deployed BSs.

Fig. 3 illustrates the coverage and data rate performance
of our proposed algorithm, with a user density of 1.5 X
10* users/km?. In Fig. 3(a), both Hooke-Jeeves and greedy
algorithms exhibit competitive coverage performance. The

TABLE I
SIMULATION PARAMETERS.
Parameters | Values |
Carrier frequency (fc) 2.4 GHz
Transmission power (Pgs) 30 dBm
Signal bandwidth (B) 20 MHz
BS max downlink throughput (Cmax) 2 Gbps [20]
QoS requirement (Crin) 10 Mbps
SNR threshold (SNR) 30 dB
Coverage-rate tradeoff factor (\) 0.5
Grid interval (§) 10 m
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Fig. 3. (a) Coverage ratio and (b) average data rate versus maximum allowed
number of BSs with different deployment algorithms (1.5 x 104 users/km?).

coverage performance of the proposed DLB-DP algorithm
converges when 2 = 4, outperforming the Hooke-Jeeves
algorithm and the greedy algorithm by more than 12%.
Fig. 3(b) demonstrates that the DLB-DP algorithm achieves
the best data rate performance. It outperforms the Hooke-
Jeeves algorithm by 10% when 2 = 3 and improves by
approximately 16% as 2 increases. The greedy algorithm
exhibits a slightly lower average data rate compared to the
random algorithm by prioritizing immediate gains in coverage
rather than a globally balanced distribution of BSs. This
strategy may result in higher inter-cell interference, ultimately
deteriorating the overall average data rate.

Fig. 4 focuses on impacts of user density on the coverage
and data rate performance, where {2 = 5. We include the DLB-
DP algorithm without BSUA in comparison to evaluate the
proposed BSUA strategy, which follows a fixed association
scheme, connecting users to the nearest BS without load
balancing or interference mitigation. It can be seen in Fig. 4(a)
that DLB-DP (w/ BSUA) maintains a consistently high cover-
age ratio of over 95% while the others keep losing as the user
density increases. The DLB-DP (w/o BSUA) demonstrates

Authorized licensed use limited to: Southeast University. Downloaded on January 07,2026 at 11:21:16 UTC from IEEE Xplore. Restrictions apply.



<
g
B
8
&
3 | —©— DLB-DP (w/ BSUA) —— Greedy ~ N
08 —— DLB-DP (w/o BSUA) — + — Random r
= © = Hooke-Jeeves
0.75 . T . . 1
0.5 0.7 0.9 11 1.3 15 1.7
User density (per km?) <10%
(a) Coverage ratio versus UE density.
— 180 , . ; : :
& —©— DLB-DP (w/ BSUA)
S 1604 ——+— DLB-DP (w/o BSUA)
o = © = Hooke-Jeeves
%5 140 F —#— Greedy
2,; — + —Random
@ 120
-
£ 100 &
§ e ---9---"0~-- 0 -- -0~
& eoﬁ-
o - — — — ——— e — —
2 eof ==
< L L L f
0.5 0.7 0.9 11 1.3 15 1.7
User density (per km?) %10*

(b) Average data rate versus UE density.

Fig. 4. (a) Coverage ratio and (b) average data rate versus user density with
different deployment algorithms (maximum allowed number of BSs Q2=5).

a similar coverage performance to that of the Hooke-Jeeves
but with significantly lower complexity. Fig. 4(b) shows that
DLB-DP (w/ BSUA) achieves a 70% improvement in low-
density scenarios and a 10% enhancement in high-density
scenarios, while DLB-DP (w/o BSUA) ranks second in data
rate performance, confirming the effectiveness of the BSUA
strategy in optimizing both coverage and data rates. Due
to the same reason as in Fig. 3, the data rate performance
of the greedy algorithm is slightly lower than that of the
random algorithm.

V. CONCLUSIONS

In this paper, we have proposed a novel DLB-DP BS
deployment algorithm with the proposed BSUA strategy to
jointly optimize BS deployment and user association in 6G
outdoor hotspots. Based on a knapsack-like optimization
framework, the proposed scheme can effectively determine
both the number and locations of BSs while ensuring efficient
interference management. It has been demonstrated that the
DLB-DP algorithm with BSUA outperforms three state-of-the-
art benchmarks, achieving the highest data rates and the lowest
economic costs while maintaining a 95% coverage ratio.
Moreover, the proposed algorithm exhibits strong robustness
to varying user densities and can improve the average user
data rate by more than 10% even in high-density scenarios.
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