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Abstract. With the advent of the 5th generation mobile communication technology (5G) era, cellular 
networks are evolving towards highly heterogeneous and ultra-dense network structures, posing 
challenges for achieving high communication rates. Existing coupled access methods can no longer 
meet user demands. As a promising solution to this issue, decoupled uplink-downlink access has 
gained significant attention. This paper investigates the performance of decoupled uplink-downlink 
access in a two-tier cellular network model. We obtain the analytical expressions of association 
probabilities, distance distribution, and spectral efficiency of base stations (BSs) when femto-cell 
BSs are selected for uplink access and macro-cell BSs are selected for downlink access by a user 
device. Our findings provide insights into the selection of access patterns and decoupled methods 
for better efficiency and quality of service. Furthermore, our model and approach can guide the 
design and deployment of next-generation networks to enhance performance. 

Keywords: Cellular networks; uplink-downlink decoupled access; association probability; spectral 
efficiency; stochastic geometry. 

1. Introduction 

In recent years, cellular networks have grown in importance in wireless communication due to 
their advantages of heterogeneity, dense deployment, and the ability to handle strong user mobility. 
However, with the rapid development of technology and information, traditional cellular networks 
face challenges such as ultra-density limitations and a mismatch between growing user demand for 
Ultra Reliable Low Latency Communications (uRLLC) and enhanced Mobile Broadband (eMBB), 
and the network supply capacity. Specifically, in the framework of traditional cellular networks, the 
received signal power and sources of interference for decoupled uplink (UL) and downlink (DL) 
access are not the same, leading to significant constraints in coupling efficiency when mobile 
terminals are limited to being associated with the same BS in the UL and DL directions [1]. 

To tackle the challenges mentioned above, our research focuses on UL-DL decoupled access in 
cellular networks. The goal is to separate UL and DL transmissions, allowing each to work 
independently. This approach enables the use of the strongest signal power for both UL and DL 
transmissions, as well as improves interference conditions, leading to better transmission signal-to-
noise ratio, higher data rates, and lower transmission latency. In simple terms, we propose a two-tier 
cellular network model that decouples UL and DL transmissions in different BSs, eliminating the 
interaction between the two. This model can significantly improve the quality of service for users, 
enable finer management of network resources, support higher resource utilization, and reduce 
congestion. 

Several studies have investigated the feasibility and effectiveness of UL-DL decoupled access. For 
instance, Smiljkovikj et al. derived the probability of UL/DL association and calculated the 
throughput of UL and DL BSs [2]. Singh et al. proposed an accurate and tractable model to 
characterize the UL signal to interference plus noise ratio (SINR) and rate distribution in multi-tier 
heterogeneous cellular networks for coupled UL-DL offloading [3]. Sattar et al. analyzed the BS 
distance distribution in a two-tier cellular network using various decoupled methods [4]. Khan et al. 
explored energy-efficient cell association for traffic offloading in HetNets through the use of UL-DL 
decoupled access strategy and demonstrated its superiority over the traditional UL-DL coupled access 
strategy in terms of energy efficiency and interference mitigation [5]. 



Highlights in Science, Engineering and Technology AICT 2023
Volume 56 (2023) 
 

94 

In this paper, we provide a comprehensive analysis of UL-DL decoupled access in cellular 
networks. We first calculate the probabilities associated with each decoupled case and identify the 
most widely applicable decoupled methods. Then we analyze the distribution of distances from 
serving BSs to user devices (UDs) and evaluate the spectral efficiency of the BSs. Our main 
contributions can be summarized as follows: 

1. We propose an analytical framework of a two-tier cellular heterogeneous network based on UL-
DL decoupled access. 

2. Using the mathematical tools of stochastic geometry, we derive the association probabilities, 
the distance distribution, and the spectral efficiency of the serving BSs. 

3. Through extensive Monte Carlo simulations, we verify the effectiveness of the theoretical 
analysis results and analyze the performance of UL-DL decoupled access under realistic network 
conditions. 

The remainder of the paper is organized as follows. Section Ⅱ describes the system model, Section 
Ⅲ presents the analysis of the association probabilities, distance distribution, and spectral efficiency, 
Section IV discusses numerical results and Section V provides a summary of the paper. 

2. System Model 

In this study, we consider a two-tier cellular heterogeneous network shown in Fig. 1. The network 
is modeled using a point process denoted 𝛷௞, which is obtained through a PPP of density 𝜆௞. 𝑘 ∈ 
{M, F, U}, i.e. the point process includes the sets {M, F, U}, where M represents the set of macro-cell 
BSs (MBSs), F represents the set of femto-cell BSs (FBSs), and U represents the set of UDs. The 
signal transmitting power of the MBS, FBS, and UD are denoted by 𝑃ெ, 𝑃ி, and 𝑃௎, respectively. 

 
Fig. 1 System Model of UL-DL decoupled access in a two-tier cellular heterogeneous network. 

 
To model the network, we employ a standard path loss model with a path loss exponent of 𝛼 ሺ𝛼 ൐

2ሻ. In our analysis, we consider a marked BS and marked UD and assume that they experience only 
Rayleigh fading with an average of 1 and a transmit power of 1 unless otherwise specified. 

In this case, the power received by the typical UD 𝑢 and emitted by a BS 𝑣 can be expressed as: 
 

                        𝑆௩,௨,௅ ൌ 𝑃௩ℎோೡ,ೠ
𝑅௩,௨

ିఈ ,                                            (1) 
where 𝐿 ∈ {DL, UL}, 𝑣 ∈ {M,F}. 𝑅௩,௨ represents the distance from a BS 𝑣 to the typical UD 

𝑢, and the random variable ℎோೡ,ೠ
 represents the Rayleigh fading at the location of the BS 𝑣, which 

follows an exponential distribution with mean 1, i.e. ℎோೡ,ೠ
~ 𝑒𝑥𝑝 ሺ1ሻ [6]. 
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For the typical UD 𝑢, assume the BS 𝑣ଵ is the serving BS in decoupled UL access. Then the 
interference of UL in UL/DL decoupled access is: 

                      𝐼௎௅ ൌ ∑ 𝑃௜𝑔௜௜∈ఃభ/௨ 𝑅௩భ,௜
ିఈ.                                         (2) 

Similarly, assume the BS 𝑣ଶ is the serving BS of the UD 𝑢 in decoupled DL access. Then the 
interference of DL in UL/DL decoupled access is: 

                      𝐼஽௅ ൌ ∑ 𝑃௜𝑔௜௜∈ఃమ/௩మ
𝑅௜,௨

ିఈ,                                (3) 
where 𝛷ଵ=U, 𝛷ଶ={M, F}. We define 𝐼௎௅  as the aggregate interference received by all UDs 

except for the UD 𝑢, while 𝐼஽௅ is the aggregate interference received from all other BSs (excluding 
the marked BS for the UD 𝑢 at node 𝑣). The distance between a BS and a UD is subject to a fading 
effect denoted by 𝑔௜ , where 𝑔௜~ 𝑒𝑥𝑝 ሺ1ሻ. In Fig. 1, the interference of one node to the other is 
indicated by a dashed arrow. 

This paper assumes that the noise power is additive and has value 𝜎ଶ, but does not generally 
assume a specific distribution. Thus, the UL SINR is: 

                         𝑆𝐼𝑁𝑅௎௅ ൌ
௉ೠ௛ೃೡభ,ೠோೡభ,ೠ

షഀ

ఙమାூೆಽ
,                              (4) 

the DL SINR is: 

                    𝑆𝐼𝑁𝑅஽௅ ൌ
௉ೡమ௛ೃೡమ,ೠோೡమ,ೠ

షഀ

஢మାூವಽ
.                               (5) 

3. Analysis 

The analysis in this paper is organized into three main subsections. Firstly, we derive the 
association probabilities for decoupled UL and DL access. With these probabilities, we then calculate 
the distribution of distances between the UD and the serving BSs under the selected scenario (Case 
2), and finally evaluate the spectral efficiency of the serving BSs. 

3.1 Joint Association Probability 

3.1.1 Association Policy 

The two-tier heterogeneous model described in Section 2 allows the UD to select at most two 
different BSs for UL and DL transmission. In this subsection, we investigate how the decision is made 
to choose between MBS and FBS for UL/DL.  

For DL, the UD is associated with the BS that provides the highest average power signal. On the 
other hand, for UL, the UD is associated with the closest BS. The average received signal power is 
calculated by averaging the fading of the received signal, as shown in Eq. (1). This method is 
necessary to avoid ping-pong effects during the association process caused by variations in the signal 
strength due to fading. The average received signal power for DL and UL are calculated separately 
as follows: 

       𝐸൫𝑆௩,௨,஽௅൯ ൌ 𝑃௩𝑅௩,௨
ିఈ, 𝐸൫𝑆௩,௨,௎௅൯ ൌ 𝑃௨𝑅௩,௨

ିఈ  , v∈{M, F}.             (6) 
As shown in the previous equation, the UD always selects the closest BS as the serving BS for UL 

transmission. For a specific UD, we denote 𝑅௩ as the shortest distance to the nearest BS 𝑣 in the 
set of BSs 𝛷௩, where v ∈ {M, F}. In the decoupled UL access mode, the UD is associated with a 
MBS if: 
                                𝑃௨𝑅௠ 

ିఈ ൐ 𝑃௨𝑅௙ 
ିఈ,                              (7) 

the UD is associated with a FBS if: 
                            𝑃௨𝑅௠ 

ିఈ ൑ 𝑃௨𝑅௙ 
ିఈ.                              (8) 

Where 𝑅௠  represents the shortest distance to the nearest MBS 𝑚  and 𝑅௙  represents the 
shortest distance to the nearest FBS 𝑓. 

The case in the decoupled DL access is even more complex, as 𝑃௩  is variable. The UD is 
associated with a MBS if: 

                            𝑃௠𝑅௠ 
ିఈ ൐ 𝑃௙𝑅௙ 

ିఈ,                              (9) 
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the UD is associated with a FBS if: 
                             𝑃௠𝑅௠

ିఈ ൑ 𝑃௙𝑅௙
ିఈ.                              (10) 

This description provides a comprehensive understanding of how MBS and FBS are selected in 
the decoupled UL/DL access. 

3.1.2 Derivation of association probabilities 

The two-tier heterogeneous model for the association process can result in one of 4 cases. These 
cases are categorized as follows:  

Case 1: UL BS = DL BS = MBS 
Case 2: UL BS = FBS, DL BS = MBS 
Case 3: UL BS = MBS, DL BS = FBS 

Case 4: UL BS = DL BS = FBS 
We will discuss each case in detail, but first, we need to derive the probability density function 

(PDF) and cumulative distribution function (CDF) of 𝑟௩ using the zero probability of the two-
dimensional Poisson point process (PPP) [7]: 

                  f ሺ𝑟ሻோೡ
ൌ 2𝜋𝜆௩𝑟 ∙ 𝑒𝑥𝑝ሺെ𝜋 𝜆௩𝑟ଶሻ ሺ𝑟 ൐ 0ሻ,                   (11) 

                      𝐹ோೡ 
ሺ𝑟ሻ ൌ 1 െ 𝑒𝑥𝑝ሺെ𝜋𝜆௩𝑟ଶሻ ሺ𝑟 ൐ 0ሻ.                     (12) 

In the following analysis, we derive the association probabilities for each of the 4 cases mentioned. 
Case 1: UL BS = DL BS = MBS: 
Based on the analysis above, the association probability can be expressed as: 

              𝑃𝑟ሺ𝐶𝑎𝑠𝑒 1ሻ ൌ 𝑃𝑟൫𝑅௠
ିఈ ൐ 𝑅௙

ିఈ; 𝑃௠𝑅௠ 
ିఈ ൐ 𝑃௙𝑅௙

ିఈ൯.            (13) 
Considering practical applications, we assume that 𝑃௠ ൐ 𝑃௙. The above equation can therefore be 

rewritten as: 

      𝑃𝑟ሺ𝐶𝑎𝑠𝑒1ሻ ൌ 𝑃𝑟൫𝑅௠
ିఈ ൐ 𝑅௙

ିఈ൯ ൌ ׬ ൬1 െ 𝐹ோ೑
ሺ𝑟௠ሻ൰

ஶ
଴ f ሺ𝑟௠ሻ𝑑ோ೘

𝑟௠ ൌ ఒಾ

ఒಷାఒಾ
.     (14) 

(1) Case 2: UL BS = FBS, DL BS = MBS: 
Similarly, based on the derivation above, the association probability is: 

            𝑃𝑟ሺ𝐶𝑎𝑠𝑒 2ሻ ൌ 𝑃𝑟൫𝑅௠ 
ିఈ ൑ 𝑅௙ 

ିఈ; 𝑃௠𝑅௠ 
ିఈ ൐ 𝑃௙𝑅௙ 

ିఈ൯.            (15) 
Hence, it is necessary to ensure that the connection between 𝑅௠ and 𝑅௙ of the serving MBS and 

FBS meets the following condition: 

                         
௉೑

௉೘
𝑅௙

ିఈ ൏ 𝑅௠
ିఈ ൑ 𝑅௙ 

ିఈ.                          (16) 

Thus 

  𝑃𝑟ሺ𝐶𝑎𝑠𝑒 2ሻ ൌ 𝑃𝑟൫𝑅௠
ିఈ ൑ 𝑅௙

ିఈ൯ െ 𝑃𝑟൫𝑃௠𝑅௠
ିఈ ൑ 𝑃௙𝑅௙

ିఈ൯ ൌ ఒಷ

ఒಷାఒಾ
െ ఒಷ

ఒಷାఌఒಾ
,     (17) 

where 𝜀 ൌ ൬
௉೘

௉೑
൰

మ
ഀ
. 

The derivation for Case 3 and Case 4 is identical to that of Case 1 and Case 2. Due to limitations 
in space, we will not provide a detailed explanation but will present the results directly below. 

(2) Case 3: UL BS = MBS, DL BS = FBS: 
            𝑃𝑟ሺ𝐶𝑎𝑠𝑒 3ሻ ൌ 𝑃𝑟൫𝑅௠ 

ିఈ ൐ 𝑅௙ 
ିఈ; 𝑃௠𝑅௠ 

ିఈ ൑ 𝑃௙𝑅௙
ିఈ൯ ൌ 0.          (18) 

(3) Case 4: UL BS = DL BS = FBS: 

                𝑃𝑟ሺ𝐶𝑎𝑠𝑒 4ሻ ൌ 𝑃𝑟൫𝑃௠𝑅௠
ିఈ ൑ 𝑃௙𝑅௙ 

ିఈ൯ ൌ ఒಷ

ఒಷାఌఒಾ
.              (19) 

3.2 Distance Distributions of the serving BSs 

In this subsection, we derive mathematical expressions for the distance distributions of the MBSs 
and FBSs associated with the typical UD in 4 decoupled methods. 

In Case 1, 𝑅௠
ିఈ ൐ 𝑅௙

ିఈ. Thus, combining Eq. (11) and Eq. (12), the CCDF of the distance from 
a UD to its serving MBS can be expressed as: 
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𝐹ோ೘
௖ ∣஼௔௦௘ ଵൌ 𝑃𝑟൫𝑅௠ ൐ 𝑟|𝑅௠

ିఈ ൐ 𝑅௙ 
ିఈ൯ ൌ

௉௥൫ோ೘வ௥;ோ೘
షഀவோ೑

షഀ൯ 

P ሺ஼௔௦௘ ଵሻೝ
ൌ

׬ ௘௫௣ሺିగఒಷ௥೘
మሻ

ಮ
ೝ f ሺ௥೘ ሻೃ೘ ௗ௥೘  

P ሺ஼௔௦௘ ଵሻೝ
,  (20) 

where f ሺ𝑟௠ ሻோ೘ 
 and P ሺ𝐶𝑎𝑠𝑒 1ሻ௥  are given in Eq. (11) and Eq. (13), respectively.The CDF of the 

distance to the serving BS for Case 1 is:  
                        𝐹ோ೘

∣஼௔௦௘ ଵൌ 1 െ 𝐹ோ೘
௖ ∣஼௔௦௘ ଵ,                        (21) 

and by simply differentiating this CDF, we derive the PDF of the distance to the serving BS for 
Case 1: 

                        𝑓ோ೘
∣஼௔௦௘ ଵൌ

௘௫௣ሺିగఒಷ௥మሻ f ሺ௥ሻೃ೘  

P ሺ஼௔௦௘ ଵሻೝ
.                       (22) 

The derivation of Case 2, Case 3 and Case 4 is analogous to that of Case 1, so the results are given 
directly below without further elaboration. 

In Case 2, the distances between the UD and its serving MBS and FBS satisfy the relation: 
௉೑

௉೘
𝑅௙

ିఈ ൏ 𝑅௠ 

ିఈ ൑ 𝑅௙
ିఈ. Therefore, the CCDF of the distances from the UD to its serving MBS 

and FBS, respectively, are expressed as: 

                𝐹ோ೘
∣஼௔௦௘ ଶൌ

׬ ቂ௘௫௣ሺିగఒಷ௥೘
మሻି௘௫௣ሺିగఒಷ

భ
ഄ

௥೘
మሻቃ

ಮ
ೝ ௙ೃ೘ሺ௥೘ሻௗ௥೘ 

P ሺ஼௔௦௘ ଶሻೝ
,             (23) 

                𝐹ோ೑
∣஼௔௦௘ ଶൌ

׬ ൣି௘௫௣ሺିగఒಾఌ௥೑ 
మሻା௘௫௣ሺିగఒಾ௥೑ 

మሻ൧
ಮ

ೝ ௙ೃ೑
ሺ௥೑ ሻௗ௥೑  

P ሺ஼௔௦௘ ଶሻೝ
.            (24) 

The PDF of the distances from the typical UD to its serving MBS and FBS, respectively, are 
denoted as: 

                              𝑓ோ೘
∣஼௔௦௘ଶൌ

௙ೃ೘భሺ௥ሻ

P ሺ஼௔௦௘ଶሻೝ
,                         (25) 

 

                              𝑓ோ೑ 
∣஼௔௦௘ଶൌ

 ௙ೃ೑భ
ሺ௥ሻ

P ሺ஼௔௦௘ଶሻೝ
,                         (26) 

where 

           𝑓ோ೘భ
ሺ𝑟ሻ ൌ ሺ𝑒𝑥𝑝ሺെ𝜋𝜆ி

ଵ

ఌ
𝑟ଶሻ െ 𝑒𝑥𝑝ሺെ𝜋𝜆ி𝑟ଶሻሻ 𝑓ோ೘

ሺ𝑟ሻሺ𝑟 ൐ 0ሻ,         (27) 

            𝑓ோ೑భ
ሺ𝑟ሻ ൌ ሺെ𝑒𝑥𝑝ሺെ𝜋𝜆ெ 𝜀𝑟ଶሻ ൅ 𝑒𝑥𝑝ሺെ𝜋𝜆ெ𝑟ଶሻሻ𝑓ோ೑

ሺ𝑟ሻሺ𝑟 ൐ 0ሻ.       (28) 

According to Eq. (18), it is clear that the case of Case 3 does not exist in reality, so 
                         𝑓ோ೘

∣஼௔௦௘ ଷൌ 𝑓ோ೑
∣஼௔௦௘ ଷൌ 0.                        (29) 

(4) In Case 4, the PDF representation of the distance from the UD to its serving FBS is: 

                        𝑓ோ೑
∣஼௔௦௘ ସൌ

௘௫௣ሺିగఒಾఌ௥మሻ௙ೃ೑
ሺ௥ሻ 

P ሺ஼௔௦௘ ସሻೝ
.                      (30) 

3.3 Spectral Efficiency 

Spectral efficiency is the amount of information that can be transmitted per unit of bandwidth [8]. 
When a wireless communication system is spectral-efficient, it can transmit more data with limited 
spectrum resources, thus increasing the capacity and efficiency of the network. Therefore, improving 
spectral efficiency is one of the very important objectives in the design and optimization of wireless 
communication systems. As Case 2 is the most typical and common decoupled method in practice, 
the study of BS efficiency in this case is of great practical importance. So in this subsection, we 
investigate and derive a mathematical expression for the spectral efficiency under Case 2.  

According to Shannon's theorem [9], the maximum amount of information that can be transmitted 
by a wireless channel is denoted as 𝐶 ൌ 𝑊 𝑙𝑛ሺ1 ൅ 𝑆𝐼𝑁𝑅ሻ, where 𝑊 is the bandwidth and 𝑆𝐼𝑁𝑅 
is the signal-to-noise ratio. Therefore, the spectral efficiency of a serving MBS in the decoupled DL 
access can be expressed as: 

    𝜏ሺ𝜆ெ, 𝛼ሻ ൌ 𝐸ሾ𝑙𝑛ሺ1 ൅ 𝑆𝐼𝑁𝑅ሻሿ ൌ ׬ 𝐸ሾ𝑙𝑛ሺ1 ൅
௉೘௛ೝ೘௥షഀ

ఙమାூವಽ
ሻሿ ∙  𝑓ோ೘

∣஼௔௦௘ ଶ 𝑑𝑟௥வ଴ .        (31) 

Since for a positive random variable 𝑋, 

                       𝐸ሺ𝑋ሻ ൌ ׬ 𝑃ሺ𝑋 ൐ 𝑡ሻ𝑑𝑡,௧வ଴                         (32) 
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it follows that: 

𝜏ሺ𝜆ெ, 𝛼ሻ ൌ න 𝐸ሾ𝑙𝑛ሺ1 ൅
𝑃௠ℎோ೘

𝑟ିఈ

𝜎ଶ ൅ 𝐼஽௅
ሻሿ 𝑓ோ೘

∣஼௔௦௘ ଶ 𝑑𝑟
௥வ଴

 

                                           ൌ න න 𝑃 ቈ𝑙𝑛 ቆ1 ൅
𝑃௠ℎோ೘

𝑟ିఈ

𝜎ଶ ൅ 𝐼஽௅
ቇ ൐ 𝑡቉ 𝑑𝑡

௧வ଴
∙ 𝑓ோ೘

∣஼௔௦௘ ଶ 𝑑𝑟
௥வ଴

 

                                                       ൌ ׬ ׬ 𝑃 ቂℎோ೘
൐ ௥షഀ

௉೘
ሺ𝜎ଶ ൅ 𝐼஽௅ሻሺ𝑒௧ െ 1ሻቃ 𝑑𝑡௧வ଴  ∙ 𝑓ோ೘

∣஼௔௦௘ ଶ 𝑑𝑟௥வ଴ . (33) 

Since the random variable ℎோ೘
 follows an exponential distribution with mean 1, which we denote 

as ℎோ೘
~ exp (1), The above equation can be further derived as 

න න 𝐸൛𝑒𝑥𝑝ൣെ𝑟ఈ𝑃௠
ିଵሺ𝜎ଶ ൅ 𝐼஽௅ሻሺ𝑒௧ െ 1ሻ൧ൟ𝑑𝑡

௧வ଴
 ∙ 𝑓ோ೘

∣஼௔௦௘ ଶ 𝑑𝑟
௥வ଴

 

  ൌ ׬ ׬ 𝑒𝑥𝑝ൣെ𝜎ଶ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠
ିଵ൧𝐸൛𝑒𝑥𝑝ൣെ𝐼஽௅𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠

ିଵ൧ൟ𝑑𝑡௧வ଴  ∙ 𝑓ோ೘
∣஼௔௦௘ ଶ 𝑑𝑟௥வ଴ .    (34) 

Due to the relationship between the Laplace transform and mathematical expectation satisfying  
𝐿ூಾ

ሺ𝑠ሻ ൌ  𝐸ூಾ
ሾ𝑒𝑥𝑝ሺെ𝑠𝐼ெሻሿ 

                                                 ൌ 𝐸ெ,ሼ௚೔ሽ ቎𝑒𝑥𝑝 ቌെ𝑠 ෍ 𝑔௜𝑅௜,௨
ିఈ

௜∈ெ/ሼ௠ሽ

ቍ቏ 

                                                        ൌ 𝐸ః,ሼ௚೔ሽ ቎ ෑ 𝐸௚೔
ൣ𝑒𝑥𝑝ሺെ𝑠𝑔௜𝑅௜,௨

ିఈሻ൧
௜∈ெ\ሼ௠ሽ

቏ 

                             ൌ 𝐸ః ቎ ෑ
1

1 ൅ 𝑠𝑅௜,௨
ିఈ

௜∈ெ\ሼ௠ሽ

቏ 

ൌ 𝑒𝑥𝑝 ቆെ2𝜋𝜆ெ න ൬1 െ
1

1 ൅ 𝑠𝑣ିఈ൰
ஶ

௥
𝑣𝑑𝑣ቇ               ሺ35ሻ 

and 
𝐿ூಷ

ሺ𝑠ሻ ൌ  𝐸ூಷ
ሾ𝑒𝑥𝑝ሺെ𝑠𝐼ிሻሿ 

                                         ൌ 𝐸ி,ሼ௚೔ሽ ൥𝑒𝑥𝑝 ൭െ𝑠 ෍ 𝑔௜𝑅௜,௨
ିఈ

௜∈ி

൱൩ 

                       ൌ 𝐸ః ൥ෑ
1

1 ൅ 𝑠𝑅௜,௨
ିఈ

௜∈ி

൩ 

ൌ 𝑒𝑥𝑝 ቆെ2𝜋𝜆ி න ൬1 െ
1

1 ൅ 𝑠𝑣ିఈ൰
ஶ

଴
𝑣𝑑𝑣ቇ,              ሺ36ሻ 

where 𝐼ெ and 𝐼ி represent for the interference generated by the set of MBSs and the set of FBSs 
in DL, respectively. 𝐿ூಾ

ሺ𝑠ሻ  is the Laplace transform of random variable 𝐼ெ  evaluated at 𝑠 
conditioned on the distance to the closest MBS from the origin. 𝐿ூಷ

ሺ𝑠ሻ is the Laplace transform of 
random variable 𝐼ி evaluated at 𝑠 [10]. So the above equation can be converted to: 

𝜏ሺ𝜆ெ, 𝛼ሻ ൌ න න 𝑒𝑥𝑝ሺെ𝜎ଶ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠
ିଵሻ

௧வ଴

𝐿ூೝ
ሺ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠ 

ିଵሻ𝑑𝑡
௥வ଴

∙ 𝑓ோ೘
∣஼௔௦௘ ଶ 𝑑𝑟,       ሺ37ሻ 

where 
        𝐿ூೝ

ሺ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠
ିଵሻ  ൌ 𝐿ூಾ

ሺ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠
ିଵሻ ∙ 𝐿ூಷ

ሺ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௠
ିଵሻ,              ሺ38ሻ 
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𝐿ூಾ
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𝑑𝑢቉,                                       ሺ39ሻ 

                𝐿ூಷ
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ଶ
ఈ න ቆ

1

1 ൅ 𝑢
ఈ
ଶ

ቇ
ஶ

଴
𝑑𝑢቉,                             ሺ40ሻ 

                               𝑇 ൌ 𝑃௠
ିଵሺ𝑒௧ െ 1ሻ.                               (41) 

Similarly, the spectral efficiency of a serving FBS in the decoupled UL access can be expressed 
as: 

      𝜏ሺ𝜆ி, 𝛼ሻ ൌ ׬ ׬ 𝑒𝑥𝑝ሺെ𝜎ଶ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௙
ିଵሻ௧வ଴ 𝐿ூೆ

ሺ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௙
ିଵሻ𝑑𝑡௥வ଴ ∙ 𝑓ோ೑

∣஼௔௦௘ଶ 𝑑𝑟,     (42) 

                       𝐿ூೆ
ሺ𝑟ఈሺ𝑒௧ െ 1ሻ𝑃௙
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1

1 ൅ 𝑢
ఈ
ଶ

ቇ
ஶ

ଵ
ఌ ்ష

మ
ഀ

𝑑𝑢൩.                             ሺ43ሻ 

Where I୙ is the interference generated by the set of UDs in UL. L୍౑
ሺsሻ is the Laplace transform 

of random variable I୙ evaluated at s. 

4. Numerical Results 

4.1 Joint Association Probability 

Using the equations for the association probabilities of the 4 decoupled methods discussed in the 
previous section, we can create a graphical representation of the association probabilities versus 
λ୊/λ୑. This is depicted in Fig. 2. 

 
Fig. 2 Graph of the change in association probability for the 4 decoupled methods. 

 
UDs tend to select Case 1 and Case 2 when λ୊/λ୑ is less than 1. With an increase in λ୊/λ୑, the 

probability of selecting Case 1 decreases significantly, while that of Case 2 rises sharply. When 
λ୊/λ୑ exceeds 2, Case 2 becomes the most probable choice for UDs. Furthermore, the probability 
of selecting Case 4 increases steadily with an increase in λ୊/λ୑ but is never higher than that of Case 
2 when λ୊/λ୑ is below 16. 
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We examine the association probabilities of UL and DL separately. For UL, the BS selection relies 
solely on the distance between the BS and the UD, so the closest BS is always chosen. Therefore, 
when λ୊/λ୑ rises, the probability of selecting a FBS as the UL BS increases as the distances from 
FBSs to the UD decrease. In contrast, DL considers both the distance and transmission power of BSs, 
where the advantage of distances from the FBSs to the UD becomes more significant as λ୊/λ୑ 
increases. This compensates for the disadvantage of the lower power of FBSs compared to MBSs. 
Thus, Case 1 exhibits a monotonically decreasing probability curve, while Case 4 shows a 
monotonically increasing curve. In Case 2, the probability of associating BSs increases continuously 
with density, whereas the association probability curve shows a declining trend after reaching a peak 
around 4. 

Considering practical circumstances, λ୊/λ୑ generally falls within a range that makes Case 2 the 
most widely used decoupling method. Therefore, it is crucial to investigate the efficiency of BSs 
under Case 2. 

4.2 Distance Distributions of the Serving BSs 

Fig. 3 depicts the distance distribution of the UD to its serving BSs under Case 2. The PDF of the 
distance between the UD and the serving FBS in UL peaks at approximately 0.25 kilometers, ranging 
from 0 to 0.5 kilometers for both α = 2 and α = 4. In DL, the PDF of the distance between a UD and 
its serving MBS is spread over a range from 0 to 2 kilometers. As MBSs have an advantage in 
transmission power, the serving MBS may have a relatively varied distance distribution. Increasing 
α results in a more concentrated distance distribution of the serving MBS, with a significantly shorter 
average distance. This is due to the increase in path loss, which requires the UD to be closer to the 
serving MBS to maintain signal quality, as the MBS transmission power remains constant. 

 
(a) α = 2                                      (b) α = 4 

Fig. 3 Distance distributions of the typical UD to its serving BSs under Case 2. 

4.3 Spectral Efficiency 

Fig. 4 and Fig. 5 illustrate the correlation between the spectral efficiency of serving BSs and 
λ୊/λ୑ under Case 2. Spectral efficiency is linked to the SINR of the received signal. In UL, as 
λ୊/λ୑  rises, the distance between the UD and the FBS decreases, and signal power increases, 
resulting in a higher efficiency, but interference from other UDs also grows, causing a rise in UL 
interference. When λ୊ is low, the distance between the serving FBS and the target UD is markedly 
shortened with an increasing λ୊/λ୑, leading to a rapid increase in spectral efficiency. However, as 
λ୊ increases, the distances between FBS and all UDs become shorter and similar, causing an increase 
in noise power and a decrease in the rate of efficiency increase. 

In DL, the MBS connected to the UD emits the signal, while interference is caused by other MBSs 
and all FBSs. Increased λ୊/λ୑ shortens the distance between FBSs and UDs, leading to higher 



Highlights in Science, Engineering and Technology AICT 2023
Volume 56 (2023) 
 

101 

interference, but signal power stays the same. Therefore, spectral efficiency decreases continuously 
as λ୊/λ୑ increases. 

Increasing the path loss exponent α represents the decrease in received interference and useful 
signal power, leading to an improved spectral efficiency of the serving FBS and MBS. This is because 
the attenuation of interference is stronger than that of useful power, resulting in an increase in SINR 
and spectral efficiency in UL and DL transmissions. 

 
Fig. 4 The correlation between the spectral efficiency of the serving FBS in UL access and the 

distribution density ratios of FBS and MBS (λ୊/λ୑ሻ under Case 2. 

 
Fig. 5 The correlation between the spectral efficiency of the serving MBS in DL access and the 

distribution density ratios of FBS and MBS (λ୊/λ୑ሻ under Case 2. 
 

The values of the parameters in the above formulas are listed in Table 1. 

Table 1. System Parameters 

Parameters Value 
Serving MBS transmit power 𝑃௠ (dBm) 46 
Serving FBS transmit power 𝑃௙ (dBm) 20 

The typical UD transmit power 𝑃௨ (dBm) 30 
MBS distribution density 𝜆ெ (nodes/km2) 0.5 
FBS distribution density 𝜆ி (nodes/km2) 4 
UD distribution density 𝜆௎ (nodes/km2) 20 

path loss exponent 𝛼 4 
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5. Summary 

In this paper, we have done a comprehensive performance analysis for UL-DL decoupled access 
in a two-tier cellular heterogeneous network. We have derived specific formulas for the distance 
distribution and the spectral efficiency of the serving BS. The main finding has indicated that the 
majority of UDs tend to choose the MBS in DL and the FBS in UL. Adjusting λ୊ and λ୑ can 
achieve a balance of higher spectral efficiency for both serving FBS and MBS under this decoupled 
mode, enhancing overall network performance. Moreover, higher α can also boost the spectral 
efficiency of the serving BS. Our future studies could further improve decoupled UL and DL 
techniques by exploring other decoupled models, optimal allocation of spectrum resources, and 
network performance optimization. 
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