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Abstract Recent advances in mobile handsets have

led to new trends in mobile broadband data consump-

tion, with a huge increase of signaling traffic generated

by always-connected devices. Thus, a proper planning

of control channels in mobile networks is necessary to

avoid network capacity problems and provide an ap-

propriate quality of service to the end user. A key is-

sue in network planning is the availability of a com-

plete and accurate system model. In this paper, an an-

alytical performance model for the Long Term Evolu-

tion (LTE) Physical Downlink Control Channel (PD-

CCH) is constructed based on queuing theory. Unlike

previous works, the proposed model considers impor-

tant network features, such as link adaptation, and can

be tuned with available network performance statistics.

Model assessment is carried out by comparing perfor-
mance estimates with request-level simulations and real

performance measurements taken from a live LTE net-
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work. Results show that the proposed model can predict

the PDCCH load distribution in a live network accu-

rately.
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1 Introduction

Mobile communication systems are continuously evolv-

ing to offer more sophisticated services. Nowadays, the

3rd Generation Partnership Project (3GPP) Long Term

Evolution (LTE) technology [1] is being deployed world-

wide. LTE promises to outperform older mobile com-

munication systems with higher bit rates, reduced la-

tency and power consumption, flexibility of spectral us-

age and a simplified network architecture [2]. However,

the introduction of any new radio access technology re-

quires an in-depth knowledge of its behavior to find

the best network design. Thus, new methodologies and

tools must be developed to plan and optimize the new

LTE networks.

During mobile network planning, operators strive to

find an optimal network configuration that achieves the

best performance with minimal investment [3,4]. One

of the most important tasks in network planning is ra-

dio network dimensioning. The aim of dimensioning is

to determine the number of network elements and re-

sources needed to cope with a certain traffic demand. In

legacy radio access technologies, such as Global System

for Mobile Communications (GSM) or Universal Mo-

bile Telecommunications System (UMTS), where voice

traffic prevailed, network capacity was limited by user

payload data channels [5,6]. Such a trend has changed

with the massive take-up of smartphones, whose users

demand applications that are always connected to the
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network. This change results in an increase of signaling

traffic, which makes that congestion in control chan-

nels is now the limiting factor of mobile network per-

formance [7]. Control channel performance has become

even more important with the launch of the Voice-over-

LTE (VoLTE) service, where frequent signaling mes-

sages are exchanged between the base station and the

terminal [8].

To achieve a high spectral efficiency, LTE vendors

implement packet scheduling algorithms where fully-

dynamic resource allocation is adopted. A high flexi-

bility in resource allocation is supported by a high sig-

naling load. In LTE, most signaling associated to packet

scheduling is carried by the Physical Downlink Control

Channel (PDCCH). PDCCH transmits the Downlink

Control Information (DCI) messages, including Down-

Link (DL) scheduling assignments and UpLink (UL)

scheduling grants for every user equipment (UE) [9].

To reduce PDCCH load, several advanced network

features have been proposed in the literature. A basic

strategy to reduce signaling load is to allocate radio

resources persistently for each user. Such an approach

does not take advantage of the full Dynamic Scheduling

(DS) feature of most schedulers, leading to low spectral

efficiency [8]. A better option is to use Semi-Persistent

Scheduling (SPS), where a fixed resource assignment

is defined for a short period of time (still longer than

full DS) [10]. SPS ensures a trade-off between signaling

load and spectral efficiency, provided that user traffic

does not demand a high-frequency scheduling. Trans-

mission Time Interval (TTI) bundling is another strat-

egy to reduce PDCCH load [11]. TTI bundling consists

of transmitting the same information multiple times in

consecutive subframes without waiting for acknowledg-

ment messages. This technique is used to improve UL

coverage. Thus, PDCCH UL grants (and, hence PD-

CCH load) are reduced. A thorough study of the im-

pact of SPS and TTI bundling on VoLTE performance

is presented in [12].

Unfortunately, previous features are not always avail-

able in vendor releases. If this is the case, PDCCH con-

gestion problems can only be solved by a proper plan-

ning of PDCCH resources. In this context, an accurate

estimation of PDCCH capacity on a cell-by-cell basis

helps to detect (and avoid) future bottlenecks on the

PDCCH.

Planning strategies to avoid congestion problems

can be divided into proactive or reactive approaches.

Reactive approaches act when congestion is detected,

based on the observation of network Performance Mea-

surements (PMs). For this purpose, most vendor equip-

ment provides several PMs to monitor PDCCH perfor-

mance. Congestion relief is done by re-allocating pay-

load resources to signaling resources. In contrast, proac-

tive approaches perform a proper estimate of signaling

traffic and signaling capacity, so that congestion is pre-

dicted before it appears. Such an approach estimates

the required and available signaling capacity through

the definition of some system model [13].

In the literature, most PDCCH studies are based on

simulation tools [13–22]. Several studies have evaluated

PDCCH performance and its capacity limitations [13–

15]. In [16], the performance of the LTE DL under

some constraints in control channels is studied. This

study is later extended in [17] to analyze LTE DL per-

formance under realistic control channel constraints.

In [18], a similar analysis is performed to check the

impact of constraints in control channels on an LTE

Time Division Duplex (TDD) system. In [19], the im-

pact of control channel limitations on VoLTE capac-

ity is analyzed. It is shown that PDCCH has a limit-

ing effect on the number of simultaneous VoLTE users.

It is also concluded that SPS outperforms DS due to

its lower control resource consumption. In the context

of Machine-to-Machine (M2M) communications, simi-

lar studies conclude that PDCCH limits the maximum

number of simultaneous users that can be simultane-

ously scheduled [20–22].

All the previous studies rely on time-consuming sim-

ulations. Thus, the definition of an analytical teletraffic

model for estimating PDCCH capacity would bring sev-

eral advantages compared to PDCCH estimations based

on network simulation tools. First, solving an analytical

model based on equations often has a lower computa-

tional load than simulation tools. Such an advantage

is extremely valuable when the number of sites to be

planned is large (e.g., in a large geographical area) or

network planning has to be done frequently (e.g., due

to the addition of new cells). Second, analytical mod-

els allow an easy integration with commercial network

planning tools. Although simulation results can also be

integrated in planning tools in the form of mapping

curves, the number of curves will be always limited and

cannot cover all hypothetical cases. As a drawback, an-

alytical models rely on simplifying assumptions and do

not include as many parameters as simulation tools for

mathematical tractability. Thus, the goodness of an an-

alytical model is mainly determined by the accuracy of

its results compared to live network statistics. To cir-

cumvent this problem, the parameters in the analytical

model can be tuned with statistics taken from the live

network [23–25].

Several teletraffic models based on queuing theory

have been proposed to predict mobile network perfor-

mance. In [26], Hong and Rappaport proposed a Markov

chain model for a cellular network with handovers. Later
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studies have extended that model to consider new fea-

tures, such as a more general distribution of channel

holding times [27], multiple services [28,29], correlated

arrivals [30,31], retrials [32,33] or multiple network lay-

ers [34,35]. All these models are conceived and validated

for user data channels. However, few studies have ap-

proached the modeling of signaling channels. In [24], a

queuing model for the Standalone Dedicated Control

Channel (SDCCH) in GSM is proposed. In [36], a clas-

sical Erlang-C model is adopted for signaling and data

channels in LTE. A slightly more sophisticated Markov

chain model is proposed in [22] to estimate conges-

tion in PDCCH and Random Access CHannel (RACH)

in LTE. Nonetheless, the model proposed there does

not consider important PDCCH features, such as Link

Adaptation (LA). In the context of data channels, an

analytical model of multi-rate multi-class loss system

for Orthogonal Frequency Division Multiplexing - Time

Division Multiple Access (OFDM-TDMA) networks with

Adaptive Modulation and Coding (AMC) is presented

in [37]. However, no equivalent model has been pub-

lished for PDCCH. Likewise, none of the previous works

covers the calibration of the model with real LTE net-

work performance statistics.

In this work, an analytical PDCCH model based on

queuing theory is presented. The proposed model con-

siders specific PDCCH features, such as LA. Likewise,

the model can be tuned on a cell-by-cell basis with per-

formance measurements taken from the live network.

Model assessment is carried out by comparing perfor-

mance estimates obtained with the model with simu-

lations and live statistics. The main contributions of

this work are: a) the proposal of an analytical PDCCH

model that can be adjusted to any local scenario, and b)
the validation of the proposed model with performance

statistics extracted from a real network. The rest of the

paper is organized as follows. Section 2 outlines PD-

CCH structure. Section 3 describes the proposed PD-

CCH model. Section 4 evaluates the PDCCH model

through simulations and the use of PMs from a live

LTE network. Finally, Section 5 presents the conclu-

sions of the work.

2 PDCCH description

PDCCH handles DCI messages in LTE. These messages

are very important for data transmission in DL and

UL. DCI messages include information of DL schedul-

ing assignments, namely, Packet Data Shared Chan-

nel (PDSCH) resource indication, PDCCH transport

format indication, Hybrid Automatic Repeat Request

(HARQ) information and transport block size, Multiple
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Input Multiple Output (MIMO) related control infor-

mation and Physical UL Control Channel (PUCCH)

power control commands; and UL scheduling grants,

namely, Physical UL Shared Channel (PUSCH) resource

indication, PDCCH transport format indication, HARQ

information and PUSCH power control commands.

Figure 1 shows the basic radio resource structure

for PDCCH [2]. The y-axis represents the frequency

domain (12 subcarriers per Physical Resource Block,

PRB), whereas the x-axis represents the time domain (1

subframe corresponds to 1 TTI). Each PDCCH trans-

mission is done over 1 or more Control Channel Ele-

ments (CCE), which is the minimum resource unit al-

located in PDCCH. Each CCE corresponds to a set of

9 Resource Element Groups (REG). A REG is the ad-

dition of 4 Resource Elements (RE), and an RE corre-

sponds to the pair Orthogonal Frequency Division Mul-

tiplexing (OFDM) subcarrier and symbol in the time

axis. In the figure, an RE, an REG and a CCE are high-

lighted. Some REs in a PRB are reserved for purposes

other than PDCCH (e.g., pilot signals). REs used for

pilots are shadowed in the figure, as they are not avail-

able for PDCCH traffic. The number of available CCEs

is given by the size of the control region, defining how

many of the first OFDM symbols in a subframe can be

used for carrying PDCCH traffic. The size of the con-

trol varies between 1 to 3 symbols per TTI, depending

on the configuration established by the network opera-

tor (3, in the figure). That information is indicated by

the Control Format Indicator (CFI) on a per-subframe

basis [9].

To deal with the variety of messages on the PD-

CCH, 4 PDCCH transport formats are defined, F ∈
{0, 1, 2, 3}. Each format uses a different number of CCEs,

CCEf (F ) = 1, 2, 4 and 8 for F = 0, 1, 2 and 3, respec-

tively. Table 1 shows the different PDCCH transport
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F CCEf No. of PDCCH encoded bits
0 1 72
1 2 144
2 4 288
3 8 576

Table 1 PDDCH transport formats

format and their payload. These formats are dynami-

cally selected depending on the propagation conditions.

The selection of the PDCCH transport format for

each request is taken by the underlying LA algorithm [2,

38]. The aim of the PDCCH LA algorithm is to select

the modulation and coding scheme ensuring a target

Block Error Rate (BLER) for the estimated channel

conditions. Such a decision is made by the e-NodeB.

Unlike data channels, Quadrature Phase Shift Keying

(QPSK) modulation is always used for PDCCH trans-

mission. Thus, the eNode-B selects the PDCCH cod-

ing ratio depending on the channel conditions. The lat-

ter are known by means of Channel Quality Indicator

(CQI) and PDCCH retransmission rate. As a conse-

quence of this LA process, a worse channel condition

implies a higher PDCCH load for the same amount of

information.

PDCCH capacity is determined by the number of

PDCCH messages that can be sent every subframe.

Thus, PDCCH capacity depends on the number of avail-

able REs for PDCCH and the PDCCH transport format

selected for each message. The number of REs available

for control channels is determined by: a) the control re-

gion (whose size, in OFDM symbols, is indicated by

CFI), b) the system bandwidth (i.e., number of PRBs),

c) the number of REs reserved for pilots, which de-

pends on the MIMO scheme, and d) the amount of

available resources saved for Physical Control Format

Indicator CHannel (PCFICH) and Physical HARQ In-

dicator CHannel (PHICH) [9]. Note that the PDCCH

service (i.e., holding) time is always 1 ms (i.e., 1 TTI),

provided that no re-transmission is needed. Thus, all

REs are recovered for the next TTI.

3 PDCCH queuing model

A teletraffic model for PDCCH is described in this sec-

tion. The proposed model reflects the basic features of

the radio resource assignment process in PDCCH on a

cell basis. Incoming PDCCH traffic aggregates all re-

quests carried by PDCCH.

For tractability, it is assumed that incoming PD-

CCH requests are Poisson distributed, i.e., uncorrelated

successive arrivals and exponential distribution for inter-

arrival times, and service time is assumed to be expo-

nentially distributed. With these assumptions, a Con-

tinuous Time Markov Chain (CTMC) is constructed.

Indeed, PDCCH requests are more structured accord-

ing to a Discrete Time Markov Chain (DTMC) than to

a CTMC, since allocation messages and service times

are restricted to a 1 ms slot. However, DTMC systems

can be translated into an equivalent CTMC system [39,

40], whose tractability is easier, and, so, CTMC results

are also valid for the original, and more strictly adjusted

to the PDCCH behavior, DTMC system. Basically, the

process where an equivalent CTMC system is found

is based on how the original DTMC system evolves

when the temporal slot, ∆t, tends to zero (∆t → 0,

[39,40]). Additionally, as it will be seen later, steady-

state probabilities are the only information needed for

the performance analysis in this work. Strictly, service

time distribution is not needed and a generic distribu-

tion could be considered with the same average service

rate (e.g., a fixed service rate with 1 ms) leading to the

same results. The assumption of a Poisson distribution

for PDCCH requests is based on: a) the unavailability

of fine temporal statistics about the temporal distribu-

tion of PDCCH requests, b) a preliminary analysis, not

shown here, displaying a Poisson behavior for the sta-

tistical distribution of PDCCH request hourly averages

for all cells in a live LTE network, and c) the absence of

a significant component of bursty traffic (which would

invalidate the Poisson assumption) based on [41].

Figure 2 shows the structure of the proposed system

model, where the basic resource is a CCE. On the right,

the number of servers reflects the maximum number of
simultaneous requests that can be served on the PD-

CCH, i.e., the number of available CCEs, NCCE . On

the left, the total incoming traffic rate, λT , is broken

down into 4 components that model how the LA pro-

cess encodes every generic PDCCH request into 1 out

of 4 possible PDCCH transport formats. Thus, 4 dif-

ferent traffic flows are defined, each representing one

possible PDCCH transport format. λi denotes the in-

coming rate of requests encoded with format using i

CCEs (i ∈ {1, 2, 4, 8}). Obviously,
∑
i∈{1,2,4,8} λi = λT .

For simplicity, it is assumed that requests are served on

a First Come First Served (FCFS) basis. Although only

λi figures are necessary for the queuing model, only λT
(and not λi) is a performance measurement provided by

live LTE network equipment, and, thus, the use of λT
allows model validation with live statistics. In this work,

we assume the probability P (F ) of having an incoming

PDCCH request with format F can be estimated (see

equation 7) and we compute λi as λi = P (i) ·λT . In the

future, it is expected that network equipment provides
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λi statistics. In this case, the LA model can be obviated

in the overall PDCCH model.

Figure 3 shows the state diagram of the proposed

queuing model. Each circle represents a system state,

whose number denotes the number of CCEs occupied in

that state. A new incoming request increases the num-

ber of occupied resources in 1, 2, 4 or 8 CCE, depending

on the PDCCH transport format for that request. Ar-

rival rates between states are given by the correspond-

ing PDCCH traffic rate, λi, i ∈ {1, 2, 4, 8}.
Once the number of CCEs reaches NCCE (i.e., all

CCEs are busy), any new incoming request is queued.

In the next TTI, the number of busy CCEs can be de-

creased by at most NCCE CCEs, as only NCCE CCEs

can be used per TTI. When a PDCCH request is served,

a number of CCEs are released depending on the PD-

CCH transport format of the original incoming request.

Service rates are denoted by µi,n, where n is the num-

ber of CCEs occupied before releasing resources and i is

the new number of released CCEs. As explained later,

service rates are calculated depending on: a) the proba-

bilities that the served request was encoded with a spe-

cific PDCCH transport format, F , and b) the number

of states being occupied at that moment, n.

In theory, no request is rejected, and the number of

system states, Ns, is infinite. In practice, the number

of system states has to be limited to minimize memory

and computational requirements to solve the model. In

this work, Ns is limited to 300. It is checked a posteriori

that, with that value of Ns, the probability of reaching

all system states with normal PDCCH traffic levels is

negligible.

A key feature in the model is that the calculation of

µi,n must only consider those combinations of incoming

requests that could lead the system to state n (i.e., to n

busy CCEs). For example, when 2 CCEs are occupied

(i.e., n=2), it can be due to 2 possible combinations

of incoming requests: a first combination including 1

request with CCEf=2, and a second combination in-

cluding 2 incoming requests with CCEf=1. The iden-

tification of possible combinations of incoming requests

leading a system state n gets more complicated as n

increases. In this work, that problem is formulated as

follows.

Let M(n) be the number of possible combinations

of PDCCH requests leading to system state n (∈ {0,

1, 2, 3, . . . , Ns − 1}). One combination may contain

several incoming requests, which must fulfill that the

sum of the number of CCEs for all incoming requests

in that combination is n, as∑
F∈{0,1,2,3}

k(m,F ) · CCEf (F ) = n , (1)

where k(m,F ) is the number of requests in the mth

combination with PDCCH transport format F (i.e., us-

ing CCEf (F ) CCEs) and m ∈ {1, 2, . . . ,M(n)}.
The occurrence probability of the mth combination

in state n, P̂ (n,m), is computed as

P̂ (n,m) =

∏
F

P (F )
k(m, F )

∑M(n)
j=1

∏
F

P (F )
k(j, F )

, (2)

where P (F ) is the probability of having an incoming

PDCCH request with format F (i.e.,
∑
F P (F ) = 1).

In the numerator of (2), it is assumed that the selec-

tion of PDCCH transport formats in a combination is

independent of each other. Thus, the probability of a

combination is proportional to the product of proba-

bilities of the formats in it. Likewise, the denominator

reflects that every combination must be normalized by

the sum of the probabilities of all combinations in state

n, so that
∑
m P̂ (n,m) = 1.

Service rates in each state n for every format F ,

µF,n, are computed as

µF,n = µT ·
M(n)∑
m=1

k(m,F ) · P̂ (n,m) , (3)

where µT is the average service rate for a PDCCH re-

quest (i.e., 1/1ms) and F ∈ {0, 1, 2, 3}.
The proposed system model is known as a batch

arrival multi-service queue, or an MX/G/c queue sys-

tem [42]. For these models, there is no closed form ex-

pression for steady-state probabilities, and, hence, state



6 J.A. Fernández-Segovia et al.

0 NCCE1 ...
...

λ1

λ2

λ4

λ8

μ8,8

μ4 4,

μ2 2,

μ1 1,

μ

μ8 9,

μ4,5

μ2,3

μ1 2,

4, +4NCCE

μ2, +2NCCE

μ1, +1NCCE

μ8, +8NCCE

μ4, NCCE

μ2, NCCE

μ8, NCCE

μ1,NCCE

2
μ1 3,

μ8 10,

μ4,6

μ2,4

μ1, NS-1

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

μ4, NS-1

μ2, N -1S

μ8, NS-1
...

...

...

...

... ...

... ...

... ...

...

...

...

...

...

...

...

...

...

...

λ8 λ8 λ8 λ8 λ8

λ2 λ2
λ2 λ2 λ2

λ4

λ1 λ1 λ1 λ1 λ1

λ4 λ4 λ4 λ4

λ4
λ8λ2λ1NS-1

Fig. 3 State diagram of the proposed model

probabilities can only be achieved by solving the linear

equation system

ΠQ = 0, Πe = 1, Π ≥ 0 , (4)

where Π is the steady-state vector of probabilities, Q

is the infinitesimal generator matrix and e is a column

vector of ones [43]. The Q matrix of the proposed sys-

tem model is represented in Figure 3, where the value

in row r (∈{0, 1, 2, . . ., Ns − 1}) and column c (∈{0,

1, 2, . . ., Ns − 1}) is the transition rate from state r to

state c in Figure 3. Diagonal values, di, are set to fulfill

the balance equation
∑
n Q(r, n) = 0 [42,43].

Once the stationary distribution Π is known through

the resolution of (4), two system performance indicators

are derived, namely:

a) The CCE usage probability distribution, fCCE(n),

as

fCCE(n) =


Π(n) if n < NCCE ,
Ns−1∑

j=NCCE

Π(j) if n = NCCE ,
(5)

b) the average CCE usage (or system load), ρ, as

ρ =

NCCE−1∑
n=0

Π(n) · n+
Ns−1∑

n=NCCE

Π(n) ·NCCE

NCCE
. (6)

Note that the model allows the definition of other

important performance indicators such those related to

system delay. However, to the author’s knowledge, there

are no measurements of disaggregated PDCCH queuing

delay in equipment installed in real networks at the mo-

ment. Instead of using system delay indicators, opera-

tors relay on high percentiles of PDCCH CCE usage as

a performance indicator for PDCCH capacity planning

purposes.

PDCCH model can also provide delay statistics. Live

network equipment, however, does not provide a perfor-

mance measurement for PDCCH queuing delay. Some

delay measurements are available, but those measure-

ments aggregate delays for different layers (e.g., RLC to

MAC delay). As a consequence, we have omitted any

analysis of delay results from PDCCH model due to

the unavailability of only-PDCCH delay performance

measurements.

4 Model Assessment

In this section, several tests to assess model perfor-

mance are described. In each test, performance esti-

mates given by the proposed model are compared with

those obtained by means of simulations or with real net-

work measurements. Analysis set-up is described first

and results are presented later.

4.1 Analysis set-up

Model assessment is divided into three stages. In a first

stage, the ability of the system model to reflect differ-

ent PDCCH conditions is analyzed by checking its per-

formance against a request-level PDCCH simulator. In

a second stage, performance estimates from the model

are compared with measurements collected from a sin-

gle cell in a live LTE network. In a third stage, the

analysis is extended to a cluster of cells in two different

live networks.

First stage: model flexibility

In this stage, the flexibility of the proposed model is

evaluated. Model performance is compared to results

obtained with a Matlab c©-based dynamic PDCCH request-

level simulator implemented to precisely emulate PD-

CCH behavior in a cell, as defined in 3GGP technical

specification[9]. Simulator features include: a) the use

of realistic user data traces in UL and DL, b) the use
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Parameter Settings
CFI 3
System bandwidth 10 MHz
MIMO DL scheme 2x2
Group factor in PHICH, Ng [9] 1
PDCCH capacity, NCCE 41
TTI 1 ms
UL scheduling request interval 10 ms
tcall 15 s
tcorr 2 s (EPA5)
Pretx 0.01
AF 10%
Simulated time 3600 s
PDCCH link adaptation CQI based

Table 2 Simulation Parameters

of realistic CQI distributions, reflecting changing radio

propagation conditions for users, c) the consideration of

PDCCH, PDSCH and PUSCH retransmission mecha-

nisms, and d) realistic DL control channel configuration

(e.g., CFI, number of available CCEs, ...).

Simulation tool generates connections following a

Poisson distribution with average rate λcalls, duration

tcall and activity factor AF . Full buffer transmission is

considered when the user is transmitting. Every user

experiences an initial CQI according with the CQI dis-

tribution previously defined. This CQI value changes

according to certain correlation time, tcorr. PDCCH

transport format is selected according to the CQI value

previously assigned to the user. Iterations in the sim-

ulation tool are repeated every TTI. Steps in every it-

eration are: a) new PDCCH messages are queued with

an FCFS policy; b) PDCCH messages are served or

blocked (i.e., queued waiting for next iteration) depend-

ing on available PDCCH CCEs; d) some user retrans-

missions occur following certain probability, Pretx; e)

delay of PDCCH messages is increased by one TTI.

Values for main simulator parameters are summarized

in Table 2.

The comparison between the proposed model and

the simulator is done in 4 different scenarios, defined

by the combination of radio and traffic conditions. On

the one hand, simulations are performed over 2 theo-

retical scenarios with different radio propagation con-

ditions, denoted as S1 and S2. Radio conditions are set

through PDCCH transport format probabilities, P (F ).

S1 models an LTE cell with poor radio propagation

conditions, where there is a higher probability of using

more robust (but less efficient) PDCCH transport for-

mats. Thus, the PDCCH transport format probability

vector in S1 is PS1(F) = [0.1 0.2 0.3 0.4]. In contrast,

S2 models an LTE cell with better radio propagation

conditions, where there is a higher probability of using

less robust PDCCH transport formats, as PS2(F) =

[0.4 0.3 0.2 0.1]. On the other hand, 2 different signal-

ing traffic scenarios are tested, with low and high rates

(i.e., λT,low and λT,high). As a result, 4 cases are eval-

uated, denoted as S1H and S1L (S1 propagation with

high and low traffic), and S2H and S2L (S2 propagation

with high and low traffic).

At this first stage, the analysis is focused on the

CCE usage distribution to qualitatively check the ca-

pability of the model to reflect different state distribu-

tions.

Second stage: detailed cell-level assessment

In a second stage, the aim is to check the capability

of the model to reproduce PDCCH performance in the

live network under different radio and traffic conditions.

For this purpose, model parameters are tuned with real

network statistics.

Although PDCCH traffic statistics (i.e., λT ) are avail-

able in the Network Management System (NMS) on a

cell and hourly basis, PDCCH transport format prob-

abilities (i.e., P(F)) are not currently monitored by

the network and, hence, they cannot be directly re-

trieved from the NMS. An estimate of P(F) can be ob-

tained from the CQI distribution, fCQI , available from

the NMS, provided that CQI thresholds for the use of

PDCCH transport formats are defined, as in [16]. To

model the PDCCH LA process, 3 CQI thresholds are

defined, CQIth=[CQIth,1 CQIth,2 CQIth,3], defining

the switching between different PDCCH transport for-

mats in the PDCCH LA scheme. Four zones are thus

delimited in fCQI , whose areas are the probabilities of a

PDCCH request being assigned to each PDCCH trans-

port format F . Recall that, in LTE, CQI takes integer

values from 0 to 15 (i.e., b ∈ {0, 1, . . . , 15}), and, hence,

fCQI is a discrete function of 16 bins (NbCQI
= 16).

Thus, the probability of each PDCCH transport for-

mat can be estimated by the aggregation of successive

bins in the CQI distribution, as

P (F ) =



bCQIth, 1∑
b=1

fCQI(b) if F = 3 ,

bCQIth, (4−F )∑
b=bCQIth, (3−F )

fCQI(b) if F=2, 1 ,

NbCQI∑
b=bCQIth, 3

fCQI(b) if F = 0 ,

(7)

where fCQI(b) refers to the value of fCQI for the inte-

ger bin b, and bCQIth,i
are the bins associated to CQI

thresholds.

In practice, CQI threshold values are not available in

the NMS, and it is therefore necessary to estimate them
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from network measurements. For such an estimate, a

parameter tuning process is carried out where thresh-

old values are the independent decision variables. The

target is to minimize the total absolute error between

the CCE usage probability distribution, fCCE , from the

live cell statistics and the PDCCH model, computed as

e =

NbCCE∑
bCCE=1

| fNCCE(bCCE)− fMCCE(bCCE) | , (8)

where bCCE is the bin index in the CCE usage distri-

bution, NbCCE is the number of bins in the CCE us-

age distribution, and superscripts N and M denote the

(real) network and model distributions, respectively.

fMCCE is directly calculated from the steady-state prob-

ability vector, Π. To ease comparison, bins in the CCE

usage distribution of the model are defined as in the

live network, i.e., equally spaced with an increment of

0.05 (and, thus, NbCCE
= 1/0.05 = 20). Note that tun-

ing P(F) is a preliminary part for the main aim in this

work: the assessment of the CCE usage distribution ob-

tained for different traffic and radio conditions. A realis-

tic transport format distribution must be configured so

only PDCCH model (without the LA scheduling part)

is assessed.

The model is evaluated in 2 live LTE cells, where

performance data is collected on an hourly basis for a

week. The two cells are selected so that they have very

different propagation conditions. Table 3 presents some

relevant statistics showing traffic and radio conditions

in those cells, namely minimum, maximum, average and

standard deviation of average CQI, CQI, PDCCH aver-

age CCE usage, ρ, and UL/DL incoming PDCCH traf-

fic requests, λPDCCH,UL/DL. From CQI, it can be de-

duced that Cell 1 (C1) has worse radio propagation con-

ditions than Cell 2 (C2) (9.44 against 13.04 in average,

respectively). This situation leads to a higher PDCCH

usage in C1 (24.47% against 17.13%), although traffic

intensity values in C1 are lower than those measured in

C2 (1.12 and 0.5 against 1.82 and 0.85 for UL/DL and

C1 and C2, respectively).

Two different sets of hourly performance measure-

ments are taken per cell, which are then replicated in

the simulation tool. These two sets correspond to peri-

ods with a low and high PDCCH traffic, respectively.

Thus, four cases are evaluated, namely C1H and C1L

representing cell C1 in hours with low and high PDCCH

traffic, and C2H and C2L for cell C2 in hours with low

and high PDCCH traffic, respectively.

CQI thresholds, CQIth,i, are adjusted independently

for each case, so that one vector is calculated for each

cell and hour (CQIC1L
th , CQIC1H

th , CQIC2L
th and CQIC2H

th ).

These values are then used to set the PDCCH model for

Cell 1
Performance Indicator Min Max Average Std

CQI 8.15 11.09 9.44 0.62
ρ [%] 4.32 80.39 24.47 22.24
λPDCCH,UL [requests/TTI] 0.07 4.19 1.12 1.16
λPDCCH,DL [requests/TTI] 0.02 1.53 0.5 0.44

Cell 2
Performance Indicator Min Max Average Std

CQI 8.39 14.81 13.04 1.13
ρ[%] 3.48 53.96 17.13 13.47
λPDCCH,UL [requests/TTI] 1.6e-4 5.99 1.82 1.55
λPDCCH,DL [requests/TTI] 2.4e-5 2.37 0.85 0.66

Table 3 Performance statistics in test cells

each cell and hour. Once the model is adjusted, aver-

age system load, ρ, and total absolute error, e, in CCE

usage distribution are used for the comparison between

live cell measurements and model estimates.

Third stage: network-level assessment

The last test aims to prove that the proposed model can

predict PDCCH performance in a large set of live LTE

cells. For comparison purposes, cells are taken from two

different networks, referred to as Network A and Net-

work B. Table 4 presents the main performance statis-

tics of both networks in the PDCCH busy hour. Net-

work A comprises 180 cells covering a wide metropoli-

tan area, with a mix of small, medium and large cells

and diverse traffic conditions. In contrast, Network B

comprises 49 cells covering a densely populated area,

with small cells, good radio propagation conditions and

medium PDCCH traffic intensity.

Even if each eNode-B can have different CQI thresh-

olds for LA in PDCCH, operators usually set the same

CQI thresholds for all cells in the network. Thus, in this

experiment, a vector of CQI thresholds is calculated for

each cell (e.g., CQINetA
th (c) for cell c in Network A),

which is later averaged with all cells in the same net-

work, resulting in a single threshold vector per network,

CQINetA
th and CQINetB

th .

With the network-averaged vector of CQI thresh-

olds, CQI
NetA/B
th , and the cell-specific CQI distribu-

tion, fCQI , a vector of probabilities of PDCCH trans-

port format is obtained per cell. Then, a system model

is built per cell, with a cell-specific PDCCH traffic,

λ
NetA/B
T (c), directly taken from measurements, and the

estimate of PDCCH transport format probabilities on

a cell basis, PNetA/B(F, c).

In this third stage, a quantitative analysis is carried

out based on the 20, 50 and 80th percentiles of the CCE

usage distribution.
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Network A, 180 cells
Performance Indicator Min Max Average Std

CQI 6.38 11.45 8.16 0.71
ρ[%] 1.58 80.39 41.15 10.08
λPDCCH,UL [requests/TTI] 0.77 4.19 1.61 0.59
λPDCCH,DL [requests/TTI] 0.22 1.84 0.95 0.26

Network B, 49 cells
Performance Indicator Min Max Average Std

CQI 6.86 14.83 11.33 2.08
ρ[%] 3.68 53.96 8.64 7.4
λPDCCH,UL [requests/TTI] 0.001 4.78 0.57 0.75
λPDCCH,DL [requests/TTI] 0.001 1.86 0.35 0.35

Table 4 Performance indicators in Network A and B

4.2 Results

In the first set of experiments, the aim is to qualita-

tively check model performance. For this purpose, Fig-

ures 5(a) and (b) compare the CCE usage probability

distribution, fCCE , obtained with the simulator and

the model in S1 and S2 scenarios, respectively. Simi-

larly to CCE usage statistics provided from live LTE

network equipment, probability distribution is divided

into 20 bins. Recall that CQI thresholds in LA in this

experiment are adjusted on a cell basis. From a quick

comparison, it is clear that curves from the model and

simulations are quite similar, showing model’s ability to

emulate PDCCH performance for different radio propa-

gation and traffic conditions. More specifically, Table 5

shows performance indicators for S1H, S1L, S2H and

S2L. The parameter λT indicates the incoming PDCCH

signaling traffic set for each case, which is an input to

the model and the simulator. In the table, it is observed

that PDCCH load estimates, ρ, are very close to the val-

ues reported by the simulator for all cases. Maximum

and minimum absolute differences are 2.45% and 0.06%

for S1H and S1L, respectively. Similarly, total fCCE es-

timation error, e, is always below 1%.

In the second set of experiments, the aim is to check

the ability of the model to replicate PDCCH perfor-

mance in a live cell. Figures 6 (a) and (b) compare

the CCE usage distribution obtained with the model

against the relative frequency histogram of CCE us-

age in two live LTE cells with different propagation

and traffic conditions. It is seen that curves from the

model and live measurements are quite similar, showing

model’s capability to replicate live performance. Like-

wise, it is observed in Figure 6 (a) that, in the cell with

worse propagation conditions, the probability distribu-

tion has several peaks. A closer analysis (not shown

here) reveals that peaks correspond to states where the

number of CCEs is multiple of 8 (i.e., the number of

CCEs assigned per request in the worst channel condi-

tions).

Table 6 presents a quantitative comparison of model

estimates and live measurements. It is observed that

CCE usage
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Fig. 5 CCE usage distribution in the model and the simula-
tor

maximum and minimum differences for ρ are 4.77% and

0.02%, obtained for C2H and C1H, respectively. Like-

wise, the maximum total CCE usage distribution error,

e, is 1.32%, for C2H.

Finally, the model is evaluated in a cluster of cells

from two different network operators. Unlike previous

experiments, CQI thresholds for PDCCH LA are not

adjusted on a cell basis, but are set network wide. Fig-

ures 7 and 8 plot percentiles of CCE usage in cells ob-

tained from the model and the live network in Network

A and Network B, respectively. The x-axis represents

cell index, while the y-axis represents CCE usage (i.e.,

PDCCH load). For clarity, cells are ordered by their

measured 50th percentile values (i.e., cells with lower

values are plotted on the left). Not shown in the fig-

ures, the result of the tuning process for CQI thresholds

is CQINetA
th =[9.59 11.34 11.86] and CQINetB

th =[10.28

10.84 11.87].

In Figure 7, three groups of cells can be identified:

cell 1 to 40 (low PDCCH load), cell 41 to 140 (medium
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Test type S1H S1L S2H S2L
System Model Sim Mod Sim Mod Sim Mod Sim Mod
λT [requests/TTI] 5.58 0.338 11.65 1.06
ρ [%] 68.27 65.82 5.25 5.19 72.24 73.23 6.46 6.74
e [%] 0.87 0.18 0.67 0.23

Table 5 PDCCH performance for model and simulation tool

Test type C1H C1L C2H C2L
System Model Live Mod Live Mod Live Mod Live Mod
λT [requests/TTI] 4.64 0.375 6.639 1.34
ρ [%] 50.09 50.07 7.73 7.24 53.96 58.73 7.18 5.14
e [%] 1.29 0.15 1.32 0.95

Table 6 PDCCH performance for model and live cells
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Fig. 7 Performance comparison in Network A

PDCCH load) and cell 141 to 180 (high PDCCH load).

Significant errors are observed when predicting 20th and

50th percentiles of CCE usage in lightly loaded cells

(i.e., cells with median PDCCH load below 30%). A

closer analysis (not shown here) reveals that these er-

rors are due to the particular shape of CCE usage distri-

bution, already observed in Figure 6 (a), which makes

that the CDF is a staircase function in cells with a

significant share of requests in bad channel conditions.

With this shape of CDF, the computation of load per-

centiles is extremely sensitive. Nonetheless, the average

load in these cells is correctly estimated. In cells with

medium load (i.e., median PDCCH load between 30 and

50%), model estimates perfectly fit live measurements

in all percentiles. In highly loaded cells (i.e., median

PDCCH load above 50%), the model overestimates 80th

percentile values. This result shows that large PDCCH

load values are less frequent in the live network. This is

due to the presence of congestion control algorithms in

the eNode-B, which are not included in the analytical

model.

Figure 8 shows the results of the comparison in Net-

work B. A first look at the figure reveals that PDCCH

load values are smaller in Network B. In Table 4, it

was shown that Network B has better radio propaga-

tion conditions than Network A, which leads to a lower

PDCCH load for the same PDCCH traffic. With these

conditions, 20th percentile (and 50th percentile in some

cases) cannot be calculated in cells with very low loads

due to the low resolution of the CCE usage histogram.

Nonetheless, the figure shows how model estimates fit

measured values for the 50th and 80th percentile. Only

in the cell with the largest PDCCH load, the model

overestimates the 80th percentile, as in Network A.

The main source of inaccuracies in the model is

the PDCCH transport format probability vector. Not

shown is the fact that, by using CQI thresholds specifi-

cally derived for each cell, instead of network wide val-
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Fig. 6 CCE usage distribution in the model and in a live cell

ues, errors can be greatly reduced at the expense of

increasing the computational load of the method. Such

an approach might be used in cells where network wide

values lead to wrong estimations. All these problems

might be solved in future vendor releases when PD-

CCH transport format probabilities are collected on a

per-cell basis.

4.2.1 Computational load

All experiments are carried out in a quad-core com-

puter with a clock frequency of 2.64 GHz and 8 GB of

RAM. The time required to solve the model in all cells

of Network A and B with network-wide CQI thresholds

is 54 s and 14.7 s, respectively (0.3 s per cell on average).

These low execution times make the model suitable for

dimensioning PDCCH resources in large geographical

areas. Likewise, the model is scalable, as it can be ap-

plied to isolated cells (e.g., a newly added cell).

5 Conclusion

In this work, a queuing model for PDCCH traffic in

LTE has been presented. The proposed model includes

realistic features, such as link adaptation, and can be

adjusted on a cell basis with real statistics available

in the network management system. Inside the model,

transition rates between states are computed based on a

combinatorial analysis that considers only those combi-

nations of incoming requests that could lead the system

to each state. Model assessment has been carried out
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by comparing model estimates with simulation and live

network measurements. Simulation results have proved

that the model can reproduce the PDCCH load dis-

tribution with different radio propagation and traffic

conditions, provided that PDCCH traffic intensity, CQI

distribution and PDCCH transport format probabili-

ties are known. Specifically, the error in estimating the

average PDCCH load is always below 3% in absolute

terms. The comparison against live statistics collected

from the network management system has also shown

that model estimates fit measurements. For that com-

parison, CQI thresholds for the PDCCH link adapta-

tion process had to be tuned. Once CQI thresholds are

properly set, the maximum absolute error in the aver-

age PDCCH load is below 5%.

The proposed PDCCH model can easily be inte-

grated in a network planning tool that makes the most

of real network performance statistics.
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K.I. Pedersen, Performance of downlink UTRAN LTE
under control channel constraints, in IEEE 68th Vehicu-
lar Technology Conference, VTC (2008), pp. 2512–2516

17. F. Capozzi, D. Laselva, F. Frederiksen, J. Wigard, I.Z.
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