
Base Station Preference Association with Network
Dynamics

Yifei Huang, Salman Durrani and Xiangyun Zhou

Research School of Engineering, The Australian National University, Canberra, Australia.
Corresponding author email: salman.durrani@anu.edu.au

Abstract—Increasing densification in future wireless networks
means that user association will play an ever more critical role in
the network decision process in order to manage the large number
of base stations and users. Though conventional user association
aims to maximize a sum rate or capacity related objective, user
rate fairness could become a more important consideration for
dense networks. In this paper, we propose a downlink base station
preference association scheme where users connect to the base
station where it is most preferred in terms of the maximum received
power. We prove analytically that this scheme results in roughly the
same number of users associated to each base station regardless of
base station transmit power, and will result in high user rate fairness
in dense networks. In addition, we study how the associations change
with network dynamics, i.e., users entering and exiting the network
(e.g., due to users crossing boundaries of small cells) or base stations
entering and exiting the network (e.g., due to base station switching
ON or OFF to reduce energy consumption). Our results show that
there exists a type of user most likely to re-associate, and that a
shrinking network leads to more re-association than a growing one.

Index Terms—User association, heterogeneous networks, network
dynamics.

I. INTRODUCTION

User association is a critical process in heterogeneous networks
(HetNets) and cellular communications that connects users to
suitable base stations as a means of accessing the network [1],
[2]. In the literature, user association has been studied using many
mathematical approaches, including as a matching problem with
parallels to the college admissions game in game theory [3], as
an optimization problem [4], [5], or modelled as a stochastic
game [6]. Future networks with more dense users and base station
deployments will require a deeper understanding of user associa-
tion mechanisms and more complex schemes to provide the best
quality of service to each user. In this regard, conventional user
association has aimed to improve a system utility, most commonly
sum rate or capacity. Fairness is a popular alternative metric to
consider, though often as a secondary thought, e.g., imposed as
a constraint rather than an objective to maximize. However, high
fairness (in terms of a quantitative measure such as Jain’s Fairness
Index (JFI)) may be beneficial in scenarios where users might be
accessing the same information from the network, and therefore
may become a primary objective in user association for future
networks.

In addition to achieving desirable quantitative metrics such as
fairness and sum rate, a study of the effects of network dynamics
on user association and network state is particularly important for
future networks. For instance, if the number of users in a large
network changes slightly, e.g., one user enters or leaves, the new

association may be very similar to the previous, and therefore it is
unnecessary to recalculate all associations. Predicting or at least
determining probabilities of future user associations to decrease
computation can be beneficial to large networks. In this regard,
sequential or predictive user association was mentioned in [7],
and a similar concept was briefly considered in [8] but with a
specific and rigid system model. Although game theory seems to
be a suitable technique to study the interaction between user and
network behaviour and can lead to suitable strategies to achieve
an objective [9], current research generally models each instance
(i.e., fixed number of players) as a game or Markov decision
process, rather than what happens when the number of players
change [10]. Further, game theory is not an analytical tool and
thus is limited in its ability to explain trends or predict behaviours.
A user entering or leaving a base station is studied in [11] and
the Nash equilibrium property is proven to hold, though the focus
is on user rates.

The number of base stations in the network may also change
depending on factors such as energy saving and network load.
Base stations can be turned off during off-peak times to save
power [12], while ad hoc base stations such as the ones deployed
through drones may be used to serve hotspots or bursty traffic
[13]. Entering or exiting base stations can dramatically affect the
network state, and consequently a study of network behaviour
with base station dynamics can bring insight into network design.
To the best of our knowledge, the study of user association to
guarantee high fairness in dense networks, including network
dynamics such as users and/or base stations entering and exiting
the network, is an important open problem.

The main contributions of this work as follows:
∙ We propose a downlink base station preference association

rule where users associate with the base station it is ranked
highest in. Compared to the max received power association,
where users determine which base station the user wants the
most, our association associates users to base stations that
want the user the most.

∙ We analytically prove that this association achieves high
JFI fairness, and study how network dynamics (users or
base stations entering or exiting the network) affect user
associations under this rule. Our analysis provides exact re-
association probabilities for users, and determines the effects
of network size, association strength and user preference
ranking on re-association probabilities.

∙ Our results indicate that there exists a type of user most
likely to re-associate, and that a shrinking network has more
effect on user association than a growing one.
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Fig. 1: Illustration of base station preference association and key param-
eters.

II. SYSTEM MODEL AND PREFERENCE ASSOCIATION

Consider a HetNet with 𝑀 randomly located base stations,
which could be a mixture of macro and small cells. 𝑁 users
are also randomly distributed. Suppose each user calculates the
average receive powers from each base station, given by

𝑃𝑗𝑑
−𝛼
𝑖,𝑗 , (1)

where 𝑃𝑗 is the transmit power of the 𝑗th base station, 𝑑𝑖,𝑗 is the
distance in metres between the 𝑖th user and 𝑗th base station, and
𝛼 is the pathloss exponent. Each user feeds back the received
powers to the corresponding base stations, and the base stations
then construct their preference lists, i.e., ranking each user with
respect to the received powers. Each list represents the users each
base station would most like to associate with.

A. Base Station Preference Association

We define the base station preference association rule as users
associating with the base station where it is ranked highest in.
The value of this highest rank is termed the associated rank of
that user. The number of users that are higher than a particular
user at its associated rank is 0 ≤ 𝐾𝑖 ≤ 𝑁 − 1, such that its
associated rank is 𝐾𝑖 + 1.

Note that for a HetNet with small cells and different base
station transmit powers, this association rule will be different
from the max received power association method, as it is possible
for a user to have a smaller received power from a femto than
from a macro, but be ranked higher in the femto’s preference
list. If a user is ranked equal highest in multiple base station
lists, the user will randomly pick any of those tied base stations
to associate with. The number of ties for user 𝑖 is 0 ≤ 𝐴𝑖 ≤ 𝑀
Fig. 1 illustrates the defined parameters. The circled users are the
user appearing in each base station’s list.

To define various terminology, we describe a weakly associated
user as one that has multiple ties for its highest rank (with more
weakly associated meaning a larger 𝐴𝑖). A strongly served user
is one where its highest rank is high up in the preference list
(small 𝐾𝑖), while a weakly served user is one where its highest
rank is low in the preference list (large 𝐾𝑖).

III. FAIRNESS ANALYSIS

In terms of Jain’s fairness index (JFI) [14], the fairness of user
rates is defined as ∑𝑀

𝑖=1(𝑟𝑖)
2

𝑀
∑𝑀

𝑖=1 𝑟
2
𝑖

, (2)

where

𝑟𝑖 = log2

(
1 +

𝑃𝑗𝑑
−𝛼
𝑖,𝑗 ∣ℎ𝑖,𝑗 ∣2
𝜎2

)
(3)

is the rate for the 𝑖th user without load considerations, ℎ𝑖,𝑗 is
the Rayleigh channel coefficient and 𝜎2 is the additive white
Gaussian noise power.

Due to the log2 term, even if the transmit powers are orders
of magnitude apart, the actual rate values would be within the
same order of magnitude. Therefore, fairness of rates for each
user without load considerations would be high, i.e., close to 1.

However, actual rates users experience are dependent on the
load of their associated base station, meaning that rates are
divided by the number of users also associated with that base
station, assuming round robin scheduling of time and frequency
resources, i.e.,

𝑟𝑖 =
1

𝑁𝑗
log2

(
1 +

𝑃𝑗𝑑
−𝛼
𝑖,𝑗 ∣ℎ𝑖,𝑗 ∣2
𝜎2

)
, (4)

with 𝑁𝑗 number of users are associated to base station 𝑗.
It is easy to see that conventional association rules such as

maximum received power or minimum distance may result in
unbalanced load distributions. Since the load is a pre-log term,
large differences in load will drastically reduce rate fairness. In
other words, to maintain high fairness, it is desirable to have base
stations with equal load, e.g., similar number of users associated
to them. Mathematically, this is due to the scale invariance
property of the JFI - if all rates are scaled by the same factor,
JFI will remain the same.

A. Proof of High Fairness for Preference Association

If either base stations or users are randomly distributed, then
the probability that a particular user appears in a specific rank on
a base station’s preference list is 1

𝑁 .
For a particular base station, the probability that a user at rank

𝑖 will be ranked lower in all other base station lists (i.e., the user
is associated to that base station) is(

𝑁 − 𝑖

𝑁

)𝑀−1

, (5)

since there are 𝑁 − 𝑖 positions lower than position 𝑖, and 𝑀 − 1
other base station lists where this must be true.

Since there are 𝑁 users, and each user has a 1
𝑁 chance of

being in any of 𝑖 positions in a base station’s list, the expected
number of users associated to each base station is therefore

1

𝑁
𝑁

𝑁∑
𝑖=1

(
𝑁 − 𝑖

𝑁

)𝑀−1

=
1

𝑁𝑀−1

𝑁−1∑
𝑖=1

𝑖𝑚−1 (a)
=

1

𝑁𝑀−1
× (6)

(
𝑁𝑀

𝑀
− 𝑁𝑀−1

2
+

(𝑀 − 1)𝑁𝑀−2

12
+𝒪(𝑁𝑀−4)

)
(7)

=
𝑁

𝑀
− 1

2
+

𝑀 − 1

12𝑁
+𝒪(𝑁−3), (8)
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Fig. 2: User entering network. If circled user was initially associated
with base station 1, it will now associate with base station 2 since the
user in base station 1’s list has been pushed down.

where 𝒪(𝑁−3) is a polynomial in 𝑁 of at most degree −3. The
equality (a) is obtained from [15].

For realistic 𝑁 users and 𝑀 base stations (𝑁 > 𝑀 ), 𝑁
𝑀 will be

the dominant term. Thus, users are divided approximately evenly
across all base stations, leading to even load distribution and high
rate fairness.

B. Distribution of Associated Ranks

The distribution of associated ranks is not uniform, as more
users will have a lower-valued associated rank than a higher-
valued one.

For a user at rank 𝐾𝑖 + 1, there is a
(
𝑁−𝐾𝑖

𝑁

)𝑀−1
probability

that its rank in the other 𝑀 − 1 base stations will be equal or
lower to it. Thus, with 𝑀 base stations, there are

𝑀

(
𝑁 −𝐾𝑖

𝑁

)𝑀−1

(9)

users should have 𝐾𝑖 + 1 as their associated rank.

IV. ASSOCIATION PROBABILITIES WITH ENTERING OR

EXITING USERS

If we consider how the associations will change with entering
or exiting users, we note that with a single entering or exiting
user, the rankings of an existing user will change by at most one
position. Therefore, we can deduce that only users that are weakly
associated, i.e., have ties where their highest ranking belongs to
multiple base stations, will have to switch associations.

A current user’s ranking will only change if an entering or
exiting user is ranked above, since an entering or exiting user
ranked below would not change the ranks of any users above
and hence have no effect on the association decision.

A. Entering User

If an entering user is ranked above user 𝑖 in its associated base
station’s list, user 𝑖 will be pushed down from rank 𝐾𝑖 + 1 to
𝐾𝑖 + 2, meaning that it may re-associate to one of its tied base
stations, provided that in none of them is the entering user also
ranked above. Thus, the probability that user 𝑖 will have to change
its association due to an entering user is

𝑋𝑒𝑛𝑡𝑒𝑟 =
𝐾𝑖 + 1

𝑁 + 1

(
1−

(
𝐾𝑖 + 1

𝑁 + 1

)𝐴𝑖−1
)
. (10)
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Fig. 3: User exiting network. If circled user was initially associated with
base station 1, it will now associate with base station 2 since the user
in base station 2’s list has been pushed up.

The first term 𝐾𝑖+1
𝑁+1 is the probability that user 𝑖 is pushed down

in its current associated base station list (𝑁+1 because there are
that many positions in the list a new user can enter into), while
the second is the probability that at least one tied rank out of
𝐴𝑖 − 1 base station lists retains its position.

B. Exiting User

A current user 𝑖 will only need to re-associate to another tied
base station if an exiting user (𝑁 − 1 possible users) from its
associated base station list exists from the last 𝑁 −𝐾𝑖− 1 ranks
(user 𝑖 maintains its rank), and at least one other tied base station
has the exiting user exit from their first 𝐾𝑖 ranks (such that at
least one tied base station rank gets pushed up). The probability
of this occurring, and hence forcing user 𝑖 to re-associate, is

𝑋𝑒𝑥𝑖𝑡 =
𝑁 −𝐾𝑖 − 1

𝑁 − 1

(
1−

(
𝑁 −𝐾𝑖 − 1

𝑁 − 1

)𝐴𝑖−1
)
. (11)

The first term 𝑁−𝐾𝑖−1
𝑁−1 is the probability that user 𝑖 retains

its current associated base station rank, while the second is the
probability that at least one tied position out of 𝐴𝑖 − 1 tied base
station lists is pushed up.

Verifying when 𝐾𝑖 = 0, 𝑋𝑒𝑥𝑖𝑡 = 0, meaning that user will
never have to change associations.

C. Effect of 𝐴𝑖,𝐾𝑖, and 𝑁 on Association Probability

Plotting each of the parameters while keeping the others fixed
shows both expected and unexpected trends.

1) Varying 𝐴𝑖: Increasing the number of ties for a particular
user 𝑖, i.e., more weakly associated, increases the probabilities of
changing association in (10) and (11). This is expected as weakly
associated users have more options to re-associate, and are more
likely to do so if there is a change in the network.

2) Varying 𝐾𝑖: Interestingly, there exists a value of 𝐾𝑖 where
a user of that position is more likely to re-associate than any other.
This position is neither a strongly nor a weakly served user, but
an average served user. The value of this 𝐾𝑖 is different for (10)
and (11), and can be determined as shown in the Appendix.

This observation can be explained as follows. Strongly served
users will not likely need to re-associate, as they have little to
benefit from a single entering or exiting user. Weakly served users



would also not likely to re-associate as they are likely to receive
the same perceived benefits from any re-association, meaning that
they are still more likely to have their highest ranking with their
current base station.

We note that this finding makes intuitive sense, as it parallels
with real life college admissions. Strong candidates will likely
to be preferred by most or all colleges, and therefore have little
incentive to change their own preferences, as will weak candidates
who will stay unpreferred even if some new candidates appear.
However, average candidates, who might be preferred by some
colleges but not by others, are most volatile in terms of their
decision, and will be most affected by any change in the process.

3) Varying 𝑁 : Increasing the number of users in the whole
network decreases the probabilities of changing association in
(10) and (11). This is expected since larger networks appear
more similar to each other than smaller networks, meaning that
associations are more likely to remain unchanged.

V. ASSOCIATION PROBABILITIES WITH ENTERING OR

EXITING BASE STATIONS

Because the addition or removal of a base station does not
affect the ordering of existing preference lists, base station
dynamics is simpler to analyse than user dynamics.

A. Entering Base Station

With the inclusion of an additional base station, the chance
of any particular user switching association to the new base
station is 𝐾𝑖

𝑁 , since there are 𝐾𝑖 positions in the new base
station’s preference list that the 𝑖 user can be ranked in and switch
association to. Therefore, the total number of expected users that
may re-associate to the new base station is

𝑀∑
𝑖=1

𝐾𝑖

𝑁
. (12)

B. Exiting Base Station

If the number of base station reduces by one, all users
associated with the exiting base station would simply associate
with the base station where it was ranked second highest in, or
with one of the 𝐴𝑖 − 1 tied base stations.

VI. SIMULATION RESULTS

In our simulations, we uniformly randomly distribute 𝑀 = 5
base stations and 𝑁 = 100 users. The base stations are randomly
chosen to be either a macro, pico or femto, and all transmit at
their maximum powers of 40, 30 and 20 dBm respectively. We
set the pathloss exponent to 𝛼 = 2. Channels are Rayleigh fading
with mean 0 and noise power 𝜎2 = −174 dBm/Hz. We average
over 5000 Monte Carlo simulation runs.

Fig. 4 plots the simulated and theoretical distribution of asso-
ciated ranks. The two plots match almost perfectly, confirming
that associated ranks are concentrated towards lower rank values.

Fig. 5 compares the JFI of all user rates from different
user association schemes, including maximum received power,
nearest base station, and a dynamic range heuristic from [16]. As
discussed in Section III, rates without load consideration naturally
have a high fairness value. Once load is taken into consideration,
our proposed preference association maintains a high JFI, while
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Fig. 4: Distribution of associated ranks as given by (9). Ranks are more
concentrated towards lower values.

other associations significantly decrease fairness. If fairness is an
important factor, preference association is a much more suitable
method compared to conventional associations.

Fig. 6 plots the percentage of times a user of a particular
associated rank will change associations with a single entering or
exiting user. Both scenarios show that there exists a rank where
users are most likely to re-associate. The results shown here are
generated with no fixed 𝐴𝑖, and therefore do not correspond
exactly to (10) and (11). However, we observe that the peak of
exiting user probability occurs to the right of (i.e., higher valued
associated ranks) the peak of entering user probability. This can
be explained by jointly considering the findings from Sections
III-B and IV.

Our analysis shows that the most likely 𝐾𝑖 is generally larger
for exiting users than entering users, and hence one would expect
a negative skew shape for exiting users, and a positive skew shape
for entering users. However, Fig. 6 shows a positive skew for
both, which is a result of multiplying individual associated ranks
by (9). Since there are more users with a smaller valued associated
rank, the final shape of exiting user probabilities will be weighted
towards the lower valued ranks, and therefore still be positively
skewed. The sum of these probabilities (i.e., area under the plot)
multiplied by the total number of users gives the expected number
of re-associations due to a single entering or exiting user.

In addition, Fig. 6 shows that exiting users have more of an
effect on the network than entering users, which agrees with our
intuitions. Larger networks look and behave more similar to each
other than smaller networks, since when a network is small each
additional user represents a larger percentage of the network.
Also, as indicated by (11), no re-associations can occur for users
with associated ranks of 1.

VII. CONCLUSION

We have proposed a new base station preference association
scheme where users associate with the base stations who prefer it
the most. Our analysis and simulation results confirm that it leads
to high fairness compared to conventional association schemes.
Using this preference association, we have studied the effects
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of network dynamics, namely entering and exiting single users
and base stations, on the user association state. Re-association
probabilities and associated rank distributions are derived and
verified by simulations. Our results indicate that a typical weakly
associated user is mostly likely to re-associate given a network
dynamic, and that shrinking network size has more effect on user
association than a growing network.

APPENDIX - MOST LIKELY POSITIONED USER TO

RE-ASSOCIATE

For fixed and given 𝑁 , 𝑀 and 𝐴𝑖, we can find the most likely
position where a user may have to re-associate by differentiating
(10) and (11) with respect to 𝐾𝑖.

For entering users,

d𝑋𝑒𝑛𝑡𝑒𝑟

d𝐾𝑖
=

1

𝑁 + 1
− 𝐴𝑖(𝐾𝑖 + 1)𝐴−1

(𝑁 + 1)𝐴𝑖
. (13)

Setting the above to 0,

𝐾𝑖 =
𝐴−1

√
(𝑁 + 1)𝐴𝑖−1

𝐴𝑖
− 1. (14)

For exiting users,

d𝑋𝑒𝑥𝑖𝑡

d𝐾𝑖
=

𝐴𝑖(𝑁 −𝐾𝑖 − 1)𝐴−1

(𝑁 + 1)𝐴𝑖
− 1

𝑁 + 1
. (15)

Setting the above to 0,

𝐾𝑖 = 𝑁 − 1− 𝐴−1

√
(𝑁 + 1)𝐴𝑖−1

𝐴𝑖
. (16)

Thus, the most likely position for a user to re-associate with
entering or exiting users is 𝐾𝑖+1, rounded to the nearest integer.
Generally, (14) is a smaller value than (16).
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