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Abstract—Cascade stability of load balancing is critical for
ensuring high efficiency service delivery and preventing undesir-
able handovers. In energy efficient networks that employ diverse
sleep mode operations, handing over traffic to neighbouring
cells’ expanded coverage must be done with minimal side effects.
Current research is largely concerned with designing distributed
and centralized efficient load balancing policies that are locally
stable. There is a major research gap in identifying large-
scale cascade stability for networks with heterogeneous load
balancing policies arising from diverse plug-and-play sleep mode
policies in ORAN, which will cause heterogeneity in the network
stability behaviour. Here, we investigate whether cells arbitrarily
connected for load balancing and having an arbitrary number
undergoing sleep mode can: (i) synchronize to a desirable load-
balancing state, and (ii) maintain stability. For the first time, we
establish the criterion for stability and prove its validity for any
general load dynamics and random network topology. Whilst its
general form allows all load balancing and sleep mode dynamics
to be incorporated, we propose an ORAN architecture where
the network service management and orchestration (SMQO) must
monitor new load balancing policies to ensure overall network
cascade stability.

Index Terms—wireless network, load balance, stability, com-
plex network, sleep mode

I. INTRODUCTION

Load balancing is an essential aspect of ensuring Quality-
of-Service (QoS) and efficient usage of spectrum and power
[1], [2]. Reducing the operational expenditure (OPEX) and
energy consumption of BSs means many BSs can reduce
transmit power and hand over users to neighbouring BSs,
in what is called heterogeneous network cell zooming [3].
Sleep mode operations in BSs further exploit the potential to
improve efficiency. Even though numerous methods have been
proposed to determine the amount of sharing load between
BSs, the stability of load balance is usually modeled for small
networks with homogeneous policies. Mixed policies in a
heterogeneous network due to sleep mode and new ORAN
plug-and-play policies as xApps [4], [5] is not considered.
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A. Literature in Load Balancing

Current literature focuses on designing standard compliant
uniform policies to address load balancing challenges. This
started with policies by engineering function design, where
specific antenna tilt and azimuth is designed to compensate
sleep mode patterns [6]. More recent research focuses on
autonomous vehicles [7], and mobility load balancing (MLB)
method addressed the problem by tuning logical BS bound-
aries autonomously [8]. The traffic load of a BS is regularly
monitored, and to alleviate the load, the BS shrinks its cover-
age area by modifying the parameter known as cell individual
offset (CIO), which is assigned on a BS-pair basis [9]. Through
the reduction of the coverage boundary of an overloaded BS,
the edge users are handed over to an underloaded neighbour
BS from the overloaded ones. Since the overloaded BS can
hand over edge users to neighbour BSs by adjusting CIO
values, numerous studies have framed the load balancing
problem as an optimization problem and designed algorithms
to optimize neighbour BS relational parameters CIO [10]-[12].

B. Research Gap in Stable Load Balancing

The stability of load balance in an ideal synchronized state
means that all BSs maintain a high-efficiency load balance
state even when under traffic perturbations. If the ideal load-
balancing state is not stable, then a small perturbation will
cause the constant handover of edge users between BSs,
leading to poor QoS and the need for complex hysteresis
methods [13]. For an arbitrarily large network, instability can
cause cascade handover (e.g., user handover in cell A causes
unintended handovers in cell B, C, etc.) and hence energy
efficiency problems, which has not been examined.

As such, the cascade stability of load balance is significant
area of missing research to avoid unnecessary handovers.
Our previous work [14], [15] has shown an exact analytical
relationship for global stability, relating local load balancing
dynamics and network topology. However, it was based on the
assumption that all BSs only have active mode and the load
dynamics are homogeneous policy across the network.

As discussed earlier, the introduction of sleep mode [16]-
[18], heterogeneous deployment (deploy macro, micro, and
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pico cells) [19], [20], as well as other policies have been
generally designed to realize substantial reduction of energy
consumption. The introduction of sleep mode causes stochastic
heterogeneity in network handover behaviour and whether
BSs can synchronize to the load balance state and maintain
stability is elusive. Our previous work used regular patterns to
examine cascade behaviour [6] and later proposed an analysis
framework based on Gershgorin circles of the eigenvalues
[14]. However, these techniques are not valid in the case of
heterogeneous policies. To bridge this gap, in this paper, we
propose a framework to analyze the stability of the synchro-
nized state of traffic load balancing in heterogeneous networks
considering sleep mode with general load dynamic functions
and random geographic networks.

C. Novelty & Contribution

Here, we assume that BSs may have a portfolio of load
balancing dynamic policies, not all of which can ensure
global network stability. The contributions in this paper are
as follows:

1) Establish a novel networked dynamic model for traf-
fic load balancing considering both identical and non-
identical load dynamics, which refers to the active mode
and sleep mode of BSs (but generalisable later to any
dynamic functions of policies).

2) Establish the cascade stability criteria of load-balancing
process, relating to the load dynamics in each BS,
coupling dynamics of load sharing between BSs and the
network neighbour list topology.

3) Perform theoretical analysis on the eigen-spectrum of
the Laplacian matrix of the load balancing network,
which determines the convergence speed of BSs syn-
chronizing to the ideal load-balancing state. We prove
that the criterion is valid for any generalized load-
balancing dynamics and random geographic networks.

4) Use stochastic geometry simulations to show examples
of the proof and design the ORAN architecture to enable
this monitoring processes in realistic networks.

II. SYSTEM SETUP
A. Architecture

Architecturally, we refer to the Open RAN (ORAN) model
to implement our network service management and orchestra-
tion (SMO) approach (shown in the top of Fig. 1). In ORAN
we expect innovators to design their own off-loading policies
(inc. sleep mode) [4] and whilst locally standard compliant and
functionally desirable, it may cause global network cascade
stability issues.

Here, we assume BSs may have a portfolio of load balancing
dynamic policies, not all of which can ensure global network
stability. As such, the steps are:

1) BSs report their load balancing behavioral dynamics to
Centralised Unit (CU). The assumption is that there exist
some continuous mapping between policies and ODE
function space.
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Fig. 1. (top) Open RAN architecture for stable load balancing: 1. BSs report
their load balancing behavioral dynamics f(-), g(-) to CU. 2. CU computes
the cascade stability impact on whole network. 3. CU reports outcome to DU.
4. DU decides how to allow load balancing between RUs. (bottom) User-cell
handover reality using equation (3) and stochastic geometry model in paper.

2) CU computes in non-real time the cascade stability
impact on whole network using the framework in this
paper.

3) CU reports stability outcome to Distributed Unit (DU),
showing which BSs caused any stability issues.

4) DU decides how to allow load balancing between which
Radio Unit (RU) (aka BS or cell).

We now present the model, assumptions, the cascade stability
framework and results in stochastic geometry.
B. Model & Assumptions

Consider the area covered by N BSs. The load of a BS can
be calculated by the utilization of physical resource blocks
(PRBs) [9] allocated to users u from BS i at time ¢ is
Ui(t)

> (1), (1)

r=1

B;(t)
Ui(t)

B,.i(t) =

where B;(t) is the number of PRBs of BS ¢ can assign to
users at time ¢, U;(t) is the number of users of BS i at time
t. The load of BS station ¢ at time ¢ can be calculated by

Uit) pp
Lt) = 25173 @)
i(1)
where BW; is the minimum number of PRBs that should be
assigned to user u. Bw‘ = Qu/w(P, i, Ny), where @, is the
minimum data rate that needs to be provided, w(P, ;, No) is
the rate function, P, ; is the power that user u receives from
BS ¢ and Ny is the noise power. The data rate received by
user u is given by the rate function w(-) and the number of

PRBs assigned to user u according to [9]. Here, we do not
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Fig. 2. (top) Real cellular traffic demand data and load spike data. (bottom-
left) Base station performs a range of baseline power down, sleep mode, and
dynamic cell zooming [6], trading off power consumption against traffic load.
(bottom-right) Equivalent load rate of change against traffic load plot. The
load dynamic plot data fitted with polynomial ordinary differential equation
(ODE) to enable checking of cascade stability.

concern ourselves with inter- or intra-cell handover differences
but are more concerned with the data-driven cascade stability
theorems underpinning this area.

Without loss of generality, given load measurement data
given above, the load dynamics in BS 7 can be described by
a continuous function [; = fi(l;), which as shown in Fig. 2
can be fitted to real data.

According to the 3GPP LTE specifications [21], a user
initially served by BS 7 will commence a handover request
to some neighbour BS j if the following condition holds

Mj+9j_>i >HyS+Mi+91'_)j, 3)

where M; and M; are the measured values of reference signal
received power (RSRP) from BS 4 and j, 0;; is the BS
individual offset value of BS ¢ concerning BS j. The CIO is an
offset that can be applied to alter the handover decision, which
in effect changes the effective radius of BS ¢ concerning BS
7. Here, we set the offloading dynamics between two nodes
as g(l;,1;). g(l;,1;) = 0if [; = [; and BSs 4, j are active.
The overall network load balancing dynamics is the linear
combinations of the local intra BS load dynamics g(-) and the
inter BS load dynamics f(-). Referring to the top of Fig. 1,
the aforementioned dynamics is reported from each RU to CU
for cascade stability computation given below.

C. Cascade Stability for Homogeneous Network

The dynamics of each BS in active mode of the wireless
network, which is regarded as a node in the complex network,
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Fig. 3. Examples of potential dynamics: (a) The local load dynamics [; of
a BS in active mode. If [; < 1, this underloaded BS should attract load to
increase load. If I; > 1, the overloaded BS should offload to other BSs.
l; = 1 is a desirable equilibrium for maximum service efficiency. (b) The
associated offloading dynamics g(-) of BS 4 in active mode. (c) The local
dynamics of BS 4 in sleep mode. If /; smaller than the threshold of sleep, BS
is sleeping and offloads to others. (d) is the associated offloading dynamics of
BS in sleep mode. When the BS is sleeping, even [; < [, BS i still offload to
other BSs. When [; is larger than the threshold, it is active and the offloading
dynamics is similar to the BSs in active mode.
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Fig. 4. (a) is the eigenvalue distribution of random network 1. (b) is the
eigenvalue distribution of random network 2. (c) is the synchronization process
of load balancing related to network 1. (d) is the synchronization process of
load balancing related to network 2.

is described by the equation
N
li = f(l) + Z aijg(li, 1), “4)
J=1,j#i
where we assume that BSs in active mode have the same

load dynamics. This is our strongest assumption: that there
exists a continuous function that adequately describes load



balancing algorithmic policies and acknowledge that how we
realistically map policies to function space. We expect a data-
fitting approach and this process and its bifurcations are not
tackled in this paper.

The desirable equilibrium for maximum service efficiency
isatl; =1,f(l; = 1) = 0 (fully loaded). The offloading
dynamics ¢(l;, ;) is decided by the term ; —{; and g(l;,;) =
0 if I; = I; (shown in Fig. 3). For any dynamics function f(-)
and g(-), I; = 1 is always the equilibrium, which means that
there exists a completely synchronized state for all nodes in
this network i.e. [1(t) = lo(t) = -+ = In(t) = s(t) = 1,
where s(t) is the solution of equation (4). A crucial problem is
whether the synchronization manifold is stable in the presence
of small perturbations 6; [22], [23]. The linear evolution of
small §1; can be obtained by setting ;(t) = s(t) + dl;(¢). f(*)
and g(-) can be expanded by the first-order Taylor series, i.e.,
F(0i) = £(s)+ F()5; and g(li.1;) = g(s, 5) + g}, (5, 5)50; +
91,(s, s)0l;. The linear variational equation for dl; is

5[2 = f/(s)&i + Z 27 (9@(87 S)&i + gl/]' (57 5>5lj>7 (5)

which can be written as

5l = f'(s)01+ g} (s, s)Dél + g1, (s, 5)Adl, (6)

where 1 = [I1,1l5,--- ,In]", A is the adjacency matrix of the
network and D is the corresponding degree matrix. a;; = 1 if
node ¢ connects to node j and the diagonal elements a;; = 0,
where a;; are the elements of matrix A. D is a diagonal matrix
where diagonal elements d;; = E?f‘:l a;;. Since g(l;,1;) =0
always has the solution l; = [, (7li, l;) always contains the
term [; — ;. So it is natural to assume that

9(li 1) = (L = 1) _pal? + > gl +0). (D)

Then g; (s,s) = —(_pns™ + 2 qms™ +¢), g;,(s,8) =
(QPns™ + 22 qms™ + ¢). Let set g (s,8) = —(D_pns"™ +
> ams™ +¢) = h(s,s). Then g; (s,s) = (X pns" +
> qms™ + ¢) = —h(s, s). Equation (6) can be rewritten as

5l = f'(s)01 + h(s, s)Ldl, (8)

where L = D — A is a Laplacian matrix corresponding to A.
Laplacian matrix can be decomposed as L = S™*AS, where
A is a diagonal matrix with diagonal elements A\i, Ao, -+ Ay
which are the eigenvalues of L. In Laplacian matrix 0 = Ay <
Ao < -+ < Ay. Equation (8) is equivalent to

ol = f'(s)01 + h(s, s)S™ ASSL )

Left multiply 01 with S, then S8l = f/(5)S0l + h(s, s)ASOL
Let & = [€1,&2, -+ ,&n] T =S8l € RY, then

£ = f(s)€ + h(s, s)AL.

By doing this, equation (10) can be diagonalized into N
decoupled eigen-modes in the form

(10)

& = (f'(s) + h(s,5)X)&:. (11)

The evolution of ¢; with time is the solution of equa-
tion (11), & = el ()FTh(s:)A)te, The system is stable at
equilibrium s with ||£(¢)]] — 0, which requires f'(s) +
h(s,s)A; < 0. Since A; > 0, the stability is mainly decided
by the value of f’(s) and h(s, s).

Generally, in an active mode, f'(s,s) < 0 and h(s,s) <O0.
f'(s) 4+ h(s,s)A; < 0. The synchronized state s = 1 is stable.
The synchronized speed is decided by the eigenvalues.

(a)

© (C))

Fig. 5. (a) The random geographic BSs generated by PPP, where blue nodes
are BSs, grey lines are the boundary of BSs. (b) Complex network of BSs
corresponding to (a), where black lines are offloading relations. (c) Eigenvalue
distribution of the network. (d) Load balancing synchronization process.

D. Cascade Stability for Heterogeneous Network

Now we consider the sleep mode (the local load dynamics
and offloading dynamics shown in Fig. 3). The load dynamics
of each BS can be different, which could be caused by
heterogeneous deployment (deploy macro BSs, micro BSs).
Assume that V; BSs are in sleep mode and the remaining BS
are in active mode. The coupling dynamics g(l;, ;) have three
different types: 1) dynamics between a BS in sleep mode and
a BS in active mode; 2) dynamics between two BSs in active
mode; 3) dynamics between two BSs in sleep mode. We use
i (13, 1;) to represent different coupling dynamics between BS
and assume that g;;(l;,1;) = g;:(1;,1;), if 1;,1; > , where
is the threshold value to switch. The load dynamics of BS with
sleep mode is

fl(ll) <0a ZZ<,Y
filli) >0, v<li<1 (12)
filli) >0, ;>1
The offloading dynamics g;;(l;,1;) is
9ij(li, 1;) <0, 1; <~
9i5 (L 1) <0, v <l ;> (13)
9ij(li, 1) 20, v <li, ;i<
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Fig. 6. (a) The random geographic BSs generated by PPP, where blue circle nodes are BSs with active mode, star nodes are BSs with sleep mode. (b) Load
balancing process in a heterogeneous network. In this case, the threshold to switch off is small. (c) In this case, the threshold to switch off is larger than (b),
and some BSs switch off at the beginning. BSs cannot synchronize to the ideal load-balancing state [; = 1 and maintain stable.

Then the dynamics of the system can be written as

N
= fill)+ ) aigils 1)

j=1,j#i

(14)

Similar to equation (5), the deviations 6l; = [;(t) — s(t) satisfy

iy = fl(s)ol; + Zaij(%(s,s)éli + %gl” (s,5)dL5). (15)
i j

Similar to equation (8), we have 869;: (s,8) = — %‘]l;j (s,s). Let
391:;‘

51~ (8,58) = hij(s,s). Then equation (15) can be written as

6l = Fol + (K — Q)dl,

where F = diag{fi(l), f2(l2),- -, fn(In)}, diag{} repre-
sents the diagonal matrix. Q = A®H, where © is a Hadamard
product.

(16)

0 hia(s, s) hin(s,s)
ho1(s, s) 0 oo han(s,s)
H= . ) ) . 17
hni(s,s) hna(s,s) -« 0

K is a diagonal matrix, where k;; = Zjvzl Qij> qi; are the
elements of Q. According to Lyapunov’s second method for
stability, if there exists a Lyapunov function V(x) = x ' Px > 0
(V(x) = 0 only if x = 0), where P is positive definite, and
V(x) < 0, then the system is stable at the equilibrium. Let
1 = x,then V(x) = %' Px + x'Px can be expanded as
V(ix)=x"F' +x (K" —Q"))Px + x"P(Fx + (K — Q)x)

(18)
Let P =1, where I is identity matrix. Then

V(x) =2(x"Fx +x" (K — Q)x). (19)

N N 1 N
XN (K-Q)x =) kuwi— Y wizjqy = 3 > aijlwi—ay)?
=1
(20)

1,j=1 i,5=1

If hij(s,s) < 0 and f/(s) < O, then x"Fx < 0,Vx #
0,x" (K — Q)x < 0. Therefore, V(x) < 0,¥z # 0. This
indicates that s = 1 is a stable equilibrium. If some BSs with
lighter load tend to switch off, then g;;(1;,1;) # gji(l;,0;), H
is not symmetric. Then K — Q is not positive definite and 1%
is not always negative. So, the equilibrium s = 1 is not stable.
Only if BSs with sleep mode accumulate enough load to switch
on, the equilibrium s = 1 is stable. Otherwise, stability cannot
be guaranteed as well as the achievability of s = 1.

Therefore, in a heterogeneous network where self-load dy-
namics and sharing dynamics are not identical, if aaglij (s,8) <
0 and f/(s) < 0, the desirable equilibrium I; = 1 is stable
and each BS can synchronize to the equilibrium at the end.
However, if in some BSs the load is smaller than the threshold,
l; < -, and these BSs switch off to sleep, the desirable
equilibrium /; = 1 is unstable and BSs will converge to
different states.

III. RESULTS

First, we consider a nonlinqar case, where all BSs are in ac-
tive mode with the dynamics [; = a(1-17)+83,; ai;(li—1;),
a > 0,8 < 0. We generate small random networks, where
nodes are BS sites and links are offloading relations, to
verify our theory and show how eigen-spectrum affects the
converge speed of load balance. In Fig. 4, it shows that all
BSs synchronize to the equilibrium /; = 1. The distribution
of eigenvalues affects the convergence speed to equilibrium.
Eigenvalues distribute near small values, leading to slow
convergence speed. This simple case verified our theory that
if f'(s) < 0and gj (s,s) <0, then the load balancing process
will synchronize to the equilibrium s and maintain stability.

We also generate large-scale random complex networks
according to Poisson point process (PPP) [24] where nodes
are BS sites and links are offloading relations. Nodes are
connected with neighbour nodes with the probability P to
share loads. The results show that only if f'(s) < 0 and
9;,(s,8) < 0, the load balancing process will synchronize to
the equilibrium and maintain stability (shown in Fig. 5).

Now, we consider a heterogeneous network with sleep
mode. The local load dynamics of BSs in active mode is



fil;) = a(1 —1;), where I; = 1 is the only equilibrium.
Local load dynamics of BSs in sleep mode is f2(l;) =
a(l; — v)(1 — I;), where « is the threshold of sleep mode.
If [; < 7, then the BS switches off and hands over users to
others even though this BS is underloaded. If BSs ¢,; are
active, g(l;,1;) = B(l;,1;). BS i is active and BS j switches
off, then g(l;,1;) = B(l;),g(li,1;) = 0. The results are shown
in Fig. 6. If the threshold ~ to switch off is small, all BSs
are active and synchronize to the ideal equilibrium s = 1.
Otherwise, the threshold v is large, some BSs switch off and
sleep. BSs cannot synchronize to the ideal equilibrium s = 1.
Some BSs converge to s = 0 and others converge to other
states.

IV. CONCLUSION AND FUTURE WORK

In this paper, we established the dynamic model for traffic
load balance in wireless networks considering both identical
and non-identical load dynamics, which refers to the active
mode and sleep mode of BSs as well as other load balancing
policies. In the framework of ORAN, we developed an archi-
tecture that allows the CU to check cascade stability of the
whole network based on the policies RUs report to CU. We
expect future innovators to design standard compliant policies,
but they cannot be sure it won’t cause wider network stability
issues until the policy is reported to the ORAN CU for the
checks designed in this paper.

The cascade stability criteria of load-balancing process is
established in a transparent theoretical framework, mapping to
the individual load dynamics in each BS, coupling dynamics
of load sharing between BSs and the load balancing network
topology. Our analysis indicated that for given load dynamics
and offloading dynamics, the eigen-spectrum of the Laplacian
matrix of the wireless network determines the convergence
speed of BSs synchronizing to the ideal load-balancing state
if all BSs are active. When some BSs switch off to sleep, BSs
will converge to different states, and the synchronized ideal
load balancing state cannot be guaranteed. We verified our
theory in generalized load-balancing dynamics and random
geographic networks.

In the future, we will explore how to design physics-
informed neural networks to solve load-balancing problems
based on the joint space between edge computing and wireless
services [25], as well as experiment with current innovations
such as BubbleRAN [26].
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