
232 |     ETRI Journal. 2021;43(2):232–245.wileyonlinelibrary.com/journal/etrij

1 |  INTRODUCTION

Wireless data traffic is expected to increase with the emer-
gence of new and high growth applications such as high-den-
sity (4K/8K) video and augmented reality/virtual reality 
services, in addition to short messages, digital images, video 
calls, and Internet access [1,2]. Accordingly, the capacity of 
wireless channels in mobile communication systems has also 
been expanded in both the spatial and frequency domains to 
accommodate the expected exponential growth of traffic [3]. 
With respect to the expansion of bandwidth, long-term evolu-
tion (LTE) in fourth-generation (4G) networks can aggregate 
up to five component carriers in a licensed spectrum with 

a single bandwidth of up to 20  MHz [4,5]. For new radio 
(NR) in fifth-generation (5G) networks, apart from carrier 
aggregation, larger frequency blocks are available that are 
100 MHz wide below the 7 GHz band and up to 400 MHz 
wide at the high-frequency range of mmWave [6]. Another 
approach is to use the unlicensed bands or shared bands 
based on cognitive radio technologies under the frequency 
sharing framework for the purpose of data offloading, al-
though resources cannot be used exclusively [7,8]. The sup-
ply of additional spectrum is the most reliable and effective 
solution, but there is also a need to ensure that the limited 
spectral resources are appropriately allocated to various ap-
plications and efficiently utilized. In addition, the price of 
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license spectrum auctions is comparable to the value of radio 
resources [9]. Therefore, mobile service providers (MSPs) 
initially attempt to effectively exploit the available frequency 
capacity before finally expanding the total bandwidth [10]. 
In this context, the utilization of multiple antenna schemes 
and the increase in the density of cells per unit area are typi-
cally considered [11,12]. Notably, there has been significant 
research activity on multiple antenna transmission schemes 
that can maximize spatial multiplexing gain for specific fre-
quency resource conditions [13,14]. However, the configured 
number of antennas applied in the real field is relatively low 
compared with the maximum specified condition, which is 
insufficient to achieve the theoretical performance gain [15]. 
In practice, the reduction in cell size using approaches such 
as cell splitting has been widely exploited [16,17]. It allows 
the network capacity to be enhanced until the effects of mu-
tual interference from adjacent cells can be tolerated [18]. 
Cell expansion can be conducted once the resource utilization 
ratio of a cell reaches a specific saturation criterion based on 
the threshold defined by each MSP [19,20]. Therefore, it is 
important to monitor the utilization of the assigned spectrum 
and observe the collected data, as in several recent data-based 
research analyses [21,22]. In particular, if detailed schedul-
ing information of the resource allocation unit is collected, it 
can be used to analyze the cell statistical characteristics and 
develop a cell management prediction model. Even from a 
regulatory domain perspective, the dataset on resource uti-
lization and its analyzed results can be extensively exploited 
to estimate frequency resource requirements and to manage 
the spectrum, including supply, retrieval, or rearrangement 
at the appropriate time depending on the usage rate of the 
resource. Moreover, in the upcoming era of spectrum shar-
ing frameworks such as spectrum pooling, the technology to 
monitor the usage of other operators may become increas-
ingly pertinent with respect to sharing common resources 
among heterogeneous operators [23]. However, such data are 
not easy to obtain autonomously and actively because they 
consist of information related to the private network opera-
tion of mobile operators. Therefore, it is necessary to collect 
the signals transmitted by the communication entities and 
extract and analyze the data [24]. To do this, it is necessary 
to have a platform to gather the desired data by considering 
the communication protocol of the wireless communication 
system and the receiving device, including the antenna of the 
wireless communication device [25].

In this paper, we introduce a platform called ALTETRI 
(Analyzer of LTE Traffic and Radio Information) that can 
gather scheduling information from all downlink control in-
formation (DCI) transmitted from an LTE base station de-
noted as eNodeB (eNB) [26]. Because the element fields in 
the DCI of LTE include the resource allocation information, 
traffic amount, and data transmission methods, it is possible 
to analyze the state of traffic and resource utilization of LTE 

networks if we can make use of a dataset of DCI. However, 
whereas a normal mobile device is sent the parameter nec-
essary to receive DCI from the network in advance, the de-
velopment platform should be able to acquire information 
by itself from the signals received over the air without any 
communication with the network. Therefore, we implement 
a receiver to save all control signals that exist every 1 ms of 
the LTE subframe and propose a reliable algorithm to derive 
valid DCIs based on the error vector magnitude of the depat-
terned symbol from the saved signals. To verify the opera-
tion of the platform, we compared the results of the average 
resource utilization with data extracted from a commercial 
smartphone and data provided by a mobile network operator.

The rest of this paper is organized as follows. Section 2 
describes previous work and illustrates the LTE specifica-
tion related to the development platform on the resource 
structure of the physical control channel and the decoding 
procedure for the DCI format. Section 3 presents the com-
prehensive platform and describes the architecture, func-
tionality, and an algorithm for detecting valid DCIs. This 
section provides details on (1) the functional components 
within the platform, (2) the protocol for communication be-
tween the LTE signal receiver and graphical user interface, 
and (3) the methodology of detecting valid DCIs with its 
algorithm and flowchart. In Section 4, it is shown that the re-
sult of resource utilization measured by the platform is only 
a difference of 0.28% when compared with the data from a 
network operator. In addition, we provide analysis instances 
using measured datasets in this section. Finally, Section  5 
presents our conclusions.

2 |  RELATED WORK AND LTE 
SPECIFICATION

2.1 | Previous work

The 4G and 5G mobile communication systems transmit user 
traffic in multiple units of resource blocks (RBs) consisting 
of a plurality of subcarriers based on orthogonal frequency 
division multiplexing (OFDM) within a single operating 
bandwidth depending on factors such as the traffic demand, 
number of users, or scheduling capacity. Thus, once the oc-
cupied RBs can be estimated, it is also possible to identify 
the spectral usage status. One approach for identifying the 
RBs used for data transmission is to measure the radio sig-
nal strength or spectrum in the frequency domain. However, 
it is noted that it is not easy to accurately determine these 
parameters because they change dynamically with each 
scheduling unit of 1-ms subframe. As a possible alternative 
for acquiring information on resource utilization [27] first in-
troduced LTEye, which can extract per-user analytics based 
only on the LTE control channels. eNB in a cell of the LTE 
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network informs user equipment (UE) scheduling informa-
tion of granted resources by broadcasting DCI. Each UE 
can decode DCI by identifying an indicator, radio network 
temporary identifier (RNTI), configured by a higher layer. 
Without accessing the private data or system parameters 
from encrypted data channels, LTEye facilitates LTE radio 
analytics by detecting RNTI and decoding all possible DCIs 
in an LTE subframe. To improve valid DCI extraction perfor-
mance, [28,29] have proposed improved algorithms based on 
ref. [27]'s algorithm. In ref. [28], two steps of detection and 
management of candidate RNTIs are applied. However, the 
threshold needs to be optimized in terms of determining valid 
DCI or RNTI under the various channel environments in the 
real field. In ref. [29], the response message broadcasted from 
eNB in the random access procedures is exploited as a sup-
plementary method for increasing reliability. It arises due to 
the accompanying requirements for implementing protocols 
and increasing computational complexity for turbo decoding 
signal processing. In addition, when a secondary component 
carrier or secondary cell is observed for the carrier aggrega-
tion framework of the LTE-advanced (LTE-A) network, the 
random access response message cannot be received because 
it is delivered on a primary component carrier. Furthermore, 
all previous works used Universal Software Radio Peripheral 
(USRP) to receive an LTE signal. Even though it is very 
suitable for general purposes because it is specified in a soft 
defined radio system, synchronization may be degraded for 
measurements that are longer than a few seconds [29]. The 

authors experienced the loss of some subframes during ac-
tual measurements. Commercial instruments such as those in 
refs. [30] and [31] are available. However, [30] requires a 
segmented processing time for detecting DCI after capturing 
the signal using a spectrum analyzer, and only works well in 
a single cell environment. Even though [31] is available in 
a real environment, it only provides statistical data on sam-
pled subframes for which exact numbers and durations are 
uncontrollable by the user. Therefore, we have implemented 
an FPGA-based hardware module to receive a secure and 
continuous LTE signal that reliably operates in an urban area 
with high cell density.

2.2 | Resources of control channel in LTE

A subframe of LTE downlink in the time domain is sequen-
tially composed of a control region for broadcasting physical 
control information and a data region for transmitting user 
traffic, as shown in Figure 1. Three physical control chan-
nels, Physical Control Format Indicator Channel (PCFICH), 
Physical Hybrid-ARQ Indicator Channel (PHICH), and 
Physical Downlink Control Channel (PDCCH), are mul-
tiplexed in a control region with one, two, or three OFDM 
symbols, of which the number NSym is provided to UEs by the 
control format indicator (CFI) carried on PCFICH in every 
subframe. The value of CFI can be changed from one sub-
frame to the next depending on the density of users in a cell. 

F I G U R E  1  Illustrations of (A) resource structure in a subframe of LTE, (B) relation between CCE and PDCCH, and common and UE-specific 
search space for monitoring PDCCHs, and (C) procedure of blind decoding and conceptual procedure of ALTETRI and [27] when PDCCHb is 
intended for UEs for which RNTI is 0xCA90 
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PCFICH uses 16 fixed number of resource elements (REs) 
on the first OFDM symbol in a subframe. PHICH carries a 
positive or negative acknowledgment (ACK/NACK) upon 
successful reception of uplink transport blocks sent over the 
physical uplink shared channel (PUSCH). The capacity of 
PHICH can be represented as the number of PHICH groups 
of NPHICH

Group . It is determined as a function of the number of 
total RBs, NBW

RB
, for the downlink channel bandwidth and 

PHICH group scaling factor, NH ∈ [1∕6, 1∕2, 1, 2], that are 
informed via the master information block on the physical 
broadcast channel (PBCH) [32].

where ⌈ ⋅⌉ is the ceiling function. A PHICH group allocates a 
set of 12 REs that are divided into three quadruplets. PDCCH 
oversees the conveying of the DCI that schedules information 
of either downlink or uplink to be granted for UEs. After as-
signing REs for a common reference signal (CRS), PCFICH, 
and PHICH, the remaining REs in the control region are used 
to construct PDCCH. The basic resource unit for the PDCCH 
is the control channel element (CCE) that consists of nine re-
source element groups (REGs). Each REG contains four REs. 
A PDCCH can be assigned with one, two, four, or eight CCEs, 
defined as the aggregation level (AL). eNB can determine AL 
for the PDCCH according to the control information type or 
channel condition of the UE. The total number of CCEs, NCCE,  
is as follows [32].

where NAP
CRS

 is the total number of REs required for CRS de-
pending on the antenna port in the PDCCH region, and ⌊ ⋅⌋ is the 
floor function. The maximum number of candidate PDCCHs is 
calculated by considering AL as follows:

Table 1 shows both NCCE and NPDCCH for the combination 
of conditions of the antenna port, NSym, and the bandwidths 
of 10 MHz and 20 MHz.

2.3 | Downlink control information in LTE

There are a variety of DCI formats defined according to 
the link direction (uplink/downlink) and a transmission 
scheme for data traffic [33]. DCI format 0 is for the uplink 

of PUSCH in one cell. DCI formats 1, 1A, 1C, 1D, 2, 2A, 
2B, 2C, and 2D are used to schedule RBs for PDSCH and 
to inform the transmission process of PDSCH, such as the 
modulation order and precoding matrix. For reference, DCI 
formats 3 and 3A are defined for power control of the uplink 
channel rather than scheduling. The series of formats 1x is 
for one PDSCH codeword and is defined differently depend-
ing on the payload size and the inclusion of either precoding 
information or the uplink power offset field. The series of 
formats 2x can support up to two PDSCH codewords and 
is defined differently according to the MIMO scheme. For 
reference, DCI formats 3 and 3A are defined for power con-
trol of the uplink channel rather than scheduling. The DCI 
payload length is different depending on the DCI format; 
however, one of the same formats may vary depending on 
the information field configured by the eNB for each UE. 
As an example, if a cross-carrier scheduling or a sounding 
reference signal (SRS) request is activated to a UE, the car-
rier indicator field (CIF) of 3 bits or the SRS request field 
of 1 bit is included in DCI format 0 or 1A, respectively. 
Given that the UE knows the DCI configuration informa-
tion from the eNB in advance, it operates on the assumption 
of a single defined bit size per DCI format. In the channel 
decoding process, the UE can identify the valid scheduling 
information by checking the status of the CRC, which is 
masked with RNTI via the Ex-OR operation and attached to 
the DCI payload. Given that some RNTIs are dedicated to a 
particular UE, which is cell RNTI (C-RNTI), it can receive 
a valid DCI by decoding encoded bits and checking the 
CRC on the PDCCHs associated with its C-RNTI without 
additional information. This process is called “blind decod-
ing” and is depicted in Figure  1. The UE should perform 
multiple blind decoding processes for the DCI formats con-
figured on the possible PDCCHs. It is necessary to perform 
multiple decoding trials owing to the different rate match-
ing procedures for accommodating encoded bits for the DCI 
payload with different lengths into the CCE(s) of each AL. 
In each subframe, the UE is required to perform a maxi-
mum of 44 blind decoding executions consisting of 12 in 
the common search space (CSS) and 32 in the UE-specific 
search space (USS) [32]. The USS for monitoring PDCCHs 
is determined by the CCE start position corresponding to 

(1)NPHICH
Group

=

⌈
NH

(
NBW

RB

8

)⌉

(2)NCCE =

⌊
NBW

RB
⋅

(
12 ⋅ NSym − NAP

CRS

)
− 12 ⋅ NPHICH

Group
− 16

36

⌋
,

(3)NPDCCH =

3∑

i= 0

⌊
NCCE∕ (2i )

⌋
.

T A B L E  1  Number of control channel elements and candidate 
PDCCH

Antenna port 2 Ant. port 4 Ant. port

NSym 1 2 3 1 2 3

N
CCE

10 MHz 10 26 43 4 21 37
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the C-RNTI and the AL. In contrast, ALTETRI has to per-
form numerous decoding executions because all candidate 
DCI payload lengths in every possible PDCCH, as shown 
in Table 1, can be a hypothesis of a valid DCI. If the num-
ber of candidate DCI lengths is NDCI, the maximum num-
ber of trials for decoding the candidate DCI, NDec, can be 
NDCI × NPDCCH. Furthermore, given that RNTI information 
is unusable, it is very important and necessary for an effi-
cient and reliable algorithm to be developed for ALTETRI 
based on the conceptual procedure, as depicted in the right 
side flow of Figure 1.

3 |  DEVELOPMENT OF ALTETRI

ALTETRI has been developed for the following purposes:

• Receiving LTE signals without subframe loss.
• Detecting DCI with high efficiency and reliability.

For the first purpose, we implemented an FPGA-based 
control channel receiver. It can stably operate and gather con-
stellation symbols in PDCCH resources without subframe 
loss. For the second purpose, we minimized the trial for DCI 
decoding and utilized the effect of channel and noise to de-
termine whether a candidate DCI is valid. More details are 
covered in Section 3.2. The supported DCI formats are 0, 1, 
1A, 1B, 1C, 1D, 2, 2A, 2B, 2C, 2D, 3, and 3A of 3GPP re-
leased from 8 to 12.

3.1 | Architecture and functionality

This subsection presents the architecture of the ALTETRI 
platform. It is functionally divided into three units that in-
clude a control and monitoring unit (Unit 1), an LTE signal 
receiving unit (Unit 2), and a control information detecting 
unit (Unit 3), as depicted in Figure  2. Unit 1 controls the 
operation of the other two units and manages the dataset 
from both units. It also presents users of the platform with 
various information about the quality of the received LTE 
signal, and statistical results for the detected DCI datasets. 
Unit 2 represents the FPGA-based hardware component. It 
performs some portion of reception procedures on the UE 
side and saves all constellation symbols of PDCCH resources 
per subframe. The collected datasets are then formed for the 
status and IQdata packets and transferred to Unit 1 accord-
ing to the protocol as depicted in Figure 3 Unit 3 detects all 
DCIs broadcast to all UEs within one cell without any RNTI 
information configured by the eNB. It was implemented in 
software to flexibly verify and refine the DCI detection algo-
rithm. Currently, we are implementing the proven algorithms 
on FPGA-based hardware components that enable real-time 

processing. From this point, we describe the implementation 
of Unit 2 and Unit 1, and then discuss the algorithm for Unit 
3 in detail in the next subsection. Figure 4A shows the ap-
pearance of Unit 2, which is composed of two layers. The 
size is 22 cm × 13 cm × 11 cm, and the weight is 2 kg. The 
battery and the power distribution module are located in 
the lower layer. The battery provides flexibility when users 
measure the LTE signal in a real field, and its capacity is ap-
proximately 17 hours of operation. The upper layer consists 
of the RF board, FPGA, microcontroller unit (MCU), cen-
tral processing unit (CPU), memory, and I/O interface. The 
role of each functional element and its interface is shown in 
Figure 4B. The radio-frequency (RF) board is equipped with 
an RF integrated circuit (IC) that supports LTE band numbers 
1–41 and is connected to two antenna ports. Regardless of the 
number of antennas in eNB, the PDCCH can be decoded on 
the UE side with only one antenna port; therefore, the two 

FIGURE 2  Three component units and their packet flow in the 
platform. Unit 1: Graphical user interface to control the platform and 
monitor results. Unit 2: Hardware device to receive the LTE signal and 
save the modulated signals of the control channel in every LTE subframe. 
Unit 3: Software tool for deriving valid DCIs with the proposed algorithm  
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antenna ports are for 3 dB combined gain rather than MIMO 
reception. The dynamic range for the received signal is from 
−110  dBm to −10  dBm. The values of the parameters for 
the RFIC are controlled by the MCU using either the initial 
values from the CPU or the calibration values derived from 
the FPGA. Among the general reception model blocks of 
UE, LTE cell acquisition, synchronization, and channel es-
timation are implemented in the FPGA. In addition, a new 
block for gathering the I/Q constellation data on all CCEs for 
PDCCHs is included in it. In every subframe, it delivers cell 
information, signal quality information, and LTE tracking 
status to the MCU, and stores all I/Q samples of PDCCH re-
sources in memory. The CPU receives measurement instruc-
tions from the user or forwards one status packet, and up to 

three PDCCH IQdata packets to Unit 1 per 1 ms subframe. 
The number of IQdata packets is determined by the band-
width and CFI values.

A snapshot of the graphical user interface (GUI) in Unit 1 is 
shown in Figure 4C. The screen of the GUI is divided into four 
sections: the control, the received signal quality, the RB occu-
pancy, and the DCI statistical information. In the first section, 
the user can examine the quality of all LTE signals received 
at the location of the ALTETRI through the “SCAN” function 
and then start or stop the measurement for the selected LTE 
cell. In the second section, the received LTE signal quality in-
formation such as RSRP, RSRQ, and SINR is expressed. In 
addition, the constellation and strength of the signal on the 
PDCCH resources during a subframe are provided. The RB 
occupancy state during 10 subframes is represented in the third 
section. The x- and y-axes represent the unit of the subframe 
in the time domain and the unit of RB in the frequency do-
main, respectively. The fourth region determines the statistical 
results analyzed by detected valid DCIs such as the average RB 
usage, MCS distribution, transmission rate, and DCI format 
ratio. The sample observation interval for deriving statistics 
can be specified by the user in the unit of subframes.

3.2 | New algorithm for detecting valid DCIs

ALTETRI must acquire scheduling information of DCI using 
only live LTE signals without being connected to the network. 
Therefore, compared to a conventional LTE terminal that per-
forms blind decoding 44 times for each subframe, if ALTETRI 
does not know the network configuration information of other 
UEs in the cell, a large number of decoding operations are re-
quired. The main difficulty and complexity of the ALTETRI’s 
operation are due to the absence of information on UEs config-
ured from the network, for example, Radio Resource Control 
(RRC) configuration message and C-RNTI. The format and bit 
size required of DCIs for the UE to monitor the USS domain 
are determined based on the RRC message. The candidate 
CCE resources for the PDCCHs are associated with C-RNTI. 
Therefore, ALTETRI must perform all DCI format decoding 
on all possible PDCCHs and determine whether it is a valid 
DCI for a valid RNTI, as shown in Figure 1. Therefore, it is 
necessary to minimize the number of candidate PDDCHs by 
first determining the occupied CCEs and to reliably and effec-
tively detect valid DCIs. The proposed algorithm is presented 
in Algorithm 1. In addition, its flowchart is shown in Figure 5, 
where the red dotted box indicates the step of confirming the 
occupied CCE, and the blue dotted box is the step of detecting 
the valid DCIs according to the ALs and DCI formats.

To minimize the computational complexity of the algo-
rithm and to efficiently detect the signal, the CCE occupancy 
discrimination and fast DCI decision steps are introduced. 
In addition, a DCI detection step that considers channel 

F I G U R E  4  (A) Appearance of Unit 2 in ALTETRI. (B) 
Functionality and interface of Unit 2. (C) Snapshot of Unit 1  
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conditions is performed for reliable detection in a channel 
situation when a fast decision is not made. When a complex 
constellation symbol on the kth RE of the ith CCE is defined 
as si,k, the criterion for detection of the occupied CCE is 
based on a constant false alarm rate (CFAR) as follows [34].

where NCCE
RE

 is the number of REs in a single CCE, which is 36, 
and x and n are complex symbols of QPSK for DCI in PDCCH, 
and white Gaussian noise, respectively. � is the expectation 
E(z ′ ) for the hypothesis of H1. Given the decision criterion of 
z � = 10log(z ), when Λ(z � ) exceeds the threshold �CCE, the 
ith CCE is determined to be occupied and Flagi is set to one. 
Otherwise, Flagi is set to zero.

In the case of H0, the random variable of si,ks∗
i,k

 is distrib-
uted as a noncentral chi-square with two degrees of freedom, 
and the random variable of z becomes a normal distribution 
considering the central limit theorem. Figure 6 is normalized 
histograms of the datasets that are measured by ALTETRI 
in the real field for 10 seconds. The gray bars in (a) and red 
bars in (b) are the density for si,ks∗

i,k
 and z ′ for the condition of 

H0. The blue bars are for z ′ in the condition of H1, when the 
SINR of the LTE signal is approximately 15 dB. The four dif-
ferent bell-shaped distributions appear to be due to PDCCH 
boosting effects. Using lnΛ (z � ) in (5), the decision threshold 
becomes as follows.

We set the value of � ′
CCE

 by using the LTE signal measured 
in the real field under the condition that the signal-to-noise 

(4)z =
1

NCCE
RE

NCCE
RE

− 1∑

k= 0

si,ks∗
i,k

,

(5)
Λ(z�) =

p(z�|H1)

p(z�|H0)
= e

2z�𝜇−𝜇2

2

>

<
𝜆CCE,

H0: s =n, H1: s= x+n,

(6)z �
>

<
𝜆 �

CCE
= (2𝜆CCE + 𝜇2 ) ∕2𝜇.

F I G U R E  5  Flow chart of the algorithm that enables 
ALTETRI to detect the valid DCIs. As “al(l)” denotes 
the function of the aggregation level, it is defined that 
al (0 ) = 8, al (1 ) = 4, al (2 ) = 2, and al (3 ) = 1. DCI(j ) denotes the  
jth DCI format. Here, jmax = NDCI  

F I G U R E  6  Histograms for (A) si,ks ∗
i,k

:H0, (B) z ′: H1 (blue) and z ′

:H0(red) 
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ratio is approximately 5  dB. Given the threshold, we also 
confirmed that ALTETRI can detect all the system informa-
tion block 1 (SIB1) of LTE, which is periodically broadcasted 
512 times (10.24 s) during 1024 frames. It is noted that the 
eNB assigns the dedicated RNTI (=35 565) to DCI for SIB 
transmission. By adopting the detection of occupied CCEs, 
we can reduce the complexity and load of the process in Unit 
3 and minimize the probability of false alarm detection for 
DCI under the condition of a larger AL containing unoccu-
pied CCEs.

Algorithm 1
Load PDCCH data

Find out the number of CCEs of each subframe, NCCE

Set “Flag” on each CCE, Flagi = 0 or 1, i = 0, …, NCCE − 1

Decode candidate PDCCHs in the order of AL = 8, 4, 2, 1

if (Flagi.& … &Flagi+AL−1)=1 then

for DCI Format j = {1A, 2, 2A, 1, 1C,…} do

Decode received encoded-bits of d

Generate CRC bits

Extract candidate RNTI from CRC bits

Check whether candidate RNTI is valid

if Valid RNTI then

Re-encode the candidate DCI to d̃

Calculate hamming distance (= HD ) of d and d̃

if HD = 0 then

Decide whether the candidate DCI is valid

Update to next CCEs or next AL

end if

Calculate DVMj

Compare −DVMj with λDVM

Update DCI Format list with larger DVMj

end if

end for

Confirm candidate DCI Format

Check DCI

if Valid DCI then

Flagi = … = Flagi+AL−1 = 0

end if

end if

After Flagis are set for all CCEs, the channel decoding 
trials are performed with the possible DCI sizes per each 
PDCCH of which AL is considered in the order of 8, 4, 2, 
and 1. DCI detection is attempted from larger AL values be-
cause it may be detected even at smaller values compared 
with AL used for actual transmission. When the capacity of 
CCE is sufficiently large to support the encoded DCI bit size, 
some of the encoded bits of DCI are repeatedly transmitted in 
the PDCCH due to the rate matching procedure based on the 

structure of the circular buffer. If DCI is detected in a smaller 
AL, this may lead to problems, such as either an incorrect 
DCI or an increase in the non-detection probability in the re-
maining CCEs.

To identify a candidate RNTI, it is assumed that there is 
no bit error in both the decoded DCI payload and the CRC 
portion. We can obtain CRC bits from the decoded DCI bits by 
using the generation function, and then, the candidate RNTI 
can be extracted from the portion of CRC in the received bits 
via Ex-OR operation with re-generated CRC bits. In the USS, 
given that the start index of CCEs for PDCCH varies accord-
ing to the RNTI, validation of candidate RNTI can be identi-
fied using the CCE index. However, a check of the validation 
of RNTI for the CSS is not possible because all RNTIs allow 
PDCCH configuration in the CSS. Thus, in the case of the DCI 
formats 1A and 1C with AL as either 4 or 8 in the CCE index 
from 0 to 15, all candidate RNTIs remain as a valid status.

The next step in the development of an algorithm is to vali-
date the DCI format (size) as a fast DCI decision step. Initially, 
the Hamming distance (HD) between the received codeword, 
d, and the re-encoded codeword, d, is examined. If the HD is 
0, then the DCI format is immediately determined to be valid. 
Otherwise, it is necessary to calculate the error vector mag-
nitude of the depatterned symbols (DVM). The depatterned 
symbols and DVM are calculated using (7) and (8) [35].

where k and j represent the kth RE among the resources for the 
jth candidate DCI format on PDCCH. sj,k is the received sym-
bol, and x̃ is a QPSK symbol that is modulated from re-encoded 
DCI bits.

where �pj
 and Var(pj ) are the sample mean and sample variance 

for the depatterned symbols. Figure 7 shows the constellation 
points of the depatterned symbols and the mean value when 
correct and incorrect DCI formats are considered for the same 
candidate PDCCH. “Received Sym” and “Re-encoded Sym” 
represent s and x̃, respectively. If there is no error in the re-en-
coded DCI bits of the candidate DCI format, the depatterned 
signals converge to one point, and only the effect of noise is 
shown as in Figure 7A. If the candidate DCI format is incorrect 
for the current PDCCH, the depatterned symbols are scattered 
around four points as shown in Figure 7B. It is then defined to 
confirm whether the candidate DCI format is valid or not based 
on the following criterion:

(7)pj,k = sj,k x̃∗
j,k

,

(8)DVMj = 10log

[
Perror

PRefernce

]
= 10log

[
Var(pj )

�pj
�p∗

j

]
,

(9)−DVMj

>

<
𝜆DVM = min(𝜆SINR − 𝜆DVMBO

, 𝜆DVMmin
) ,
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where �SINR is a SINR of the LTE signal measured over the air. 
In addition, �DVMBO

 and �DVMmin
 are back-off values from SINR 

and the minimum threshold, respectively, to determine the valid 
DCI format. By utilizing �SINR, we can consider the channel 
environment during the measurement. If −DVMj exceeds the 
threshold, the jth candidate DCI format is ranked in the list of 
candidate formats based on the value of DVMj. After all the for-
mats are reviewed, the format with the highest ranking is chosen.

As a final state, we verified whether the values in the in-
formation field of DCI were valid. If the value of a certain 

field is not defined in the standard of ref. [33] or the “re-
served” value is used, it is determined to be an invalid DCI. 
For example, when DCI format 1A is used in a random access 
procedure, all the specific fields must have a value of “0.” In 
DCI format 2, “reserved” values cannot be received in the 
precoding matrix field. If all the conditions are satisfied, the 
DCI is finally determined to be valid, and all Flagis of the 
CCE(s) are converted to a zero value. Then, the same process 
is executed for the next AL or the next PDCCH until an ex-
amination is complete for all occupied CCEs.

4 |  VALIDATION AND ITS 
APPLICATION

This section presents the validation of operation and the 
measurement-based analysis examples for ALTETRI. To 
prove that ALTETRI correctly obtains DCIs from live LTE 
signals, we compared the scheduling information extracted 
from a commercial UE diagnostic monitoring tool (DMT) 
and ALTETRI. It should be noted that DMT gathers informa-
tion from correct DCIs received on the LTE Modem Chipset 
in a UE. However, the important point is that these data are 
only for the single UE connected to DMT, rather than all 
UEs within an LTE cell. In contrast, ALTETRI should ac-
quire information from control channels intended for all UEs 
that are communicating with the eNB. Therefore, we extract 
and compare only DCIs related to the UE connected to the 
DMT from the dataset collected by ALTETRI and compare 
them with the DMT output. Because the C-RNTI assigned 
for the UE is revealed in the output data from DMT, we can 
easily determine the desired DCIs by confirming the same 
C-RNTI in the whole dataset of ALTETRI measurement. 
Figure  8 shows the comparison results obtained from the 
data measured by the two at the same location. The DMT 
hexadecimal 0x594D has the same value as the ALTETRI's 
decimal 22 861. The figure shows the DCIs for the 15 sub-
frames between radio frames 63 and 564. Because one radio 
frame becomes 10 ms with the 10 subframes, this indicates 
that the UE has been assigned the downlink resources 15 
times during the approximately five seconds. With regard 
to MCS, which represents the modulation order and channel 
coding rate, both are the same, even though ALTETRI's re-
sult in Figure 8B represents the MCS index value of five bits, 
and DMT's result in Figure 8A shows only the modulation 
order. We can also confirm that the coding rates are matched 
because the TBS of the two results is the same. Here, TBS 
is the number of bit sizes to be transferred from eNB to UE, 
and it is derived from the number of RBs and the MCS index 
included in the DCI. In LTE, there can be up to two differ-
ent transport blocks (TBs) consisting of both user traffic and 
control messages, which are denoted as stream 1 and stream 
2 in Figure 8A. TBs can be delivered via multiple antennas to 

F I G U R E  7  Constellation on s, x̃, pj, and �pj
 of (A) DCI format 

1A (correct) and (B) DCI format 1 (incorrect) as considered for a 
candidate format when DCI format 1A is used for transmission  
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UE by using a MIMO scheme among the LTE transmission 
modes. In Figure 8B, DCI format 2 indicates a closed-loop 
spatial multiplexing method of Figure 8A in which a base sta-
tion receives channel state information from a UE, and then 
determines and transmits a precoding matrix for MIMO. The 
results confirm that ALTETRI obtains the same information 
with the results of DMT for all elements in the DCI field.

In the real environment, however, because it is impossible 
to connect DMT to all terminals, all the cell information of 
LTE is difficult to obtain in the above DMT-based manner. 
Therefore, we have compared the measurement results by 
ALTETRI and the results that are limited but can be provided 
by the MSP. To align with the statistical conditions of the 
provided data, we analyzed the average RB utilization of the 
data measured for one hour. The measurement site is the area 
near Gangnam Station in Seoul, and we simultaneously re-
ceived the signal of LTE cells operating at different center 
frequencies for four LTE bands, as shown in Figure 9A. The 
four bands are currently used for LTE service by one MSP, 
which provides relevant information to us. The measurements 
were performed six times at different dates and times in the 
same location. Figure 9B shows the analysis of the ALTETRI 

measurement as a circle and the MSP's data as dotted lines. 
For the convenience of data division, ALTETRI generated 
the file every 10.24 s for the data of 1024 radio frames and 
made the starting point of the collection the first index of the 
radio frame. Thus, some difference in the results may occur 
because of the offset of the start times of the comparative 
data. Nevertheless, the RBUs for both are almost consistent, 
and the average and variance of the difference between the 
two results are 0.28% and 0.098%, respectively. One of the 
things that can be seen in the resulting pattern is that Band 
A is the main service band of this MSP in the measurement 
area. Cases 5 and 6 were measured at busy times, when many 
users exist, and the RBU of Band A is larger than that of other 
bands. This means that the cell of Band A is mainly con-
nected by the user devices because of its better connectivity 
and service quality.

Figure 10 shows a comparison results between ALTETRI 
and [28] for the RBU per radio frame. They both use the same 
IQ data of PDCCHs received from Unit 2 when the average 
RBU for the measured target cell is 97.5%. In ref. [28], it was 
highlighted that two- or 12-bit errors per CCE are required 
under optimum radio conditions or for a public eNB out of 
the office, respectively. The meaning of the bit error is the 
same HD in this paper. From the results, it is determined that 
the RBUs of the conventional algorithm vary significantly 
depending on the threshold. In addition, it is evident that 
there is a problem in that an RBU of more than 100% is de-
tected at 4 bits or higher.

F I G U R E  8  When C-RNTI allocated to the tested UE is 
0x594D(=22861), (A) snapshot of the GUI used for UE diagonal 
monitoring tool and (B) results for extracting DCI data only for 
C-RNTI of 22861 extracted from all measurements of ALTETRI

(A)

(B)

F I G U R E  9  (A) Image for actual measurements near Gangnam 
Station. (B)Comparisons between the provided data from MSP (dash) 
and measured results (circle) for six measurements. Bands A, C, and 
D have a bandwidth of 10 MHz, whereas Band B has a bandwidth of 
20 MHz 
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Figures  11–13 are typical results for cell operation and 
scheduling, which are analyzed from the measurement dataset 
for 10 MHz bandwidth cells in dense urban areas. Figure 11 
shows the percentage usage of each value for CFI and AL in 
cells with different RB utilization (RBU). It was determined 
that CFI 3 and AL 8 were generally rarely used in practice and 
the three cells measured. For high RBU cells, even though the 
number of users was approximately 100, the number of DCIs 
transmitted per subframe via scheduling was kept below a cer-
tain value to avoid exceeding the capacity of the control chan-
nel; therefore, CFI 8 was not used. Considering the small cell 
coverage and the control channel capacity, it is expected that 
the AL of 8 would be rarely used; rather, the usage of AL of 
either 2 or 4 can be high. Figure 12 presents the distribution of 
the scheduling gap (SG) for a UE, which represents the interval 
scheduled in subframe units. In addition, Figure 13 shows the 
distribution of the number of RBs allocated per subframe to all 
UEs in Figure 12. Max UE, and 0.1% and 0.1% UE represent 
the UE with the highest RB utilization, and the UE that used 
0.1% and 0.01% RB in the average RBU, respectively. When 
the RBU is below a medium of 46%, SG shows a similar pat-
tern regardless of whether there are UEs with different amounts 
of required resources. If possible, it is analyzed to immediately 

allocate as many as 50 RBs resources, as shown in Figure 13, 
whenever there is a demand for traffic transmission. In contrast, 
for the condition where the RBU is as high as 89%, it has dif-
ferent distribution characteristics according to the user traffic. 
Given that the resources are nearly saturated, the interval al-
located to the UEs is relatively well spread. It is noted that the 
peaks on the SG value of 8 for Max and 0.1% UE are due to 
retransmission. In addition, the retransmission rate for all UEs 
was approximately 10%. In the case of 0.01% UE, a small RB is 
multiplexed with another UE or a large RB is scheduled with a 
large SG. Given the collected data, as shown in Figures 12 and 
13, it is expected that it may be used to analyze the scheduling 
scheme of the eNB or for its optimization according to the op-
erational requirements of the UEs.

F I G U R E  1 0  Comparison of the proposed and conventional 
algorithms. The number of bits is the threshold for the decision 
regarding valid DCI in the conventional approach  
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Figure  14 shows analysis examples on the dataset mea-
sured from three LTE cells for which the average RBUs are 
not the same. Each cell operates with the same 20 MHz band-
width of the same center frequency but at a different location. 
Figure  14A–14C shows cells with an average RBU of 20%, 
50%, and 90% for 1 hour, as low, middle, and high RBU, re-
spectively. To investigate the factors that affect the RBU, 
we examined the number of users Nuser, the number of users 
with more than 1 Mbps data traffic NHTuser, and the number 
of PDCCHs NPDCCH per subframe for an average of 1-s dura-
tion. The number of valid RNTIs detected during one second 
is defined as Nuser. The results show that the average RBU is 

proportional to the average number of users. This can be ex-
plicitly confirmed with Nuser versus RBU in Figure 14D for the 
case of low and high average RBU. In the case of an average 
RBU of 50%, the number of used RBs varies from 0 to whole 
RB according to the number of users activating instantaneously 
and their traffic. In a given dataset, it is expected that the thresh-
old of the number of affordable users would be in the range of 
60–80 because it is difficult to accommodate new users because 
of the deficit of resources when the average RBU is over 90%. 
It can be seen that the cell in Figure 14C is saturated because of 
the large number of users. Therefore, it may be determined that 
cell division or expansion is necessary. In fact, there are other 

F I G U R E  1 4  Analysis of the measured dataset for three different LTE cells with an average RBU of (A) 20%, (B) 50%, and (C) 90% and (D) 
scatter plot of RBU vs number of users per LTE subframe 
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unused LTE frequency bands of MSP to be newly deployed in 
the area where the cell in Figure 14C is located. However, if 
there are no available channels or if the interference from the 
neighboring cell has already exceeded the allowable threshold, 
it should be assumed that additional spectrum resources are ur-
gently needed.

5 |  CONCLUSIONS

In this paper, we discussed the implementation, architec-
ture, and algorithm of the ALTETRI platform that collects 
all scheduling information from the LTE downlink control 
channel. Because it is not connected to a mobile network that 
delivers the configuration information required to decode the 
DCI, it is necessary to minimize the complexity for detecting 
valid DCIs under many candidate hypotheses. Furthermore, 
it should operate while being adaptable to the channel envi-
ronment because it measures the real field signal in various 
operating circumstances. To reduce the number of trials for 
decoding, the platform initially examines the status of occu-
pancy in the candidate control channels as the first step. In 
addition, the decoding test sequence for aggregation level and 
DCI formats, which are parameters to be considered for the 
detection of DCI, was optimized. Regarding the measure-
ment environment, we set the threshold for determining the 
occupancy of the signal in candidate control channels using 
the measured data. The platform incorporates the proposed 
DVM-based DCI detection method to enhance reliability and 
adaptability according to the received signal strength. Finally, 
it was shown that the difference in RBU between the analyzed 
results from the platform and the results provided by the mo-
bile service operator is only 0.28% under the same observation 
conditions. Currently, we are developing real-time hardware 
based on the proposed algorithm to directly detect the valid 
DCIs from the captured control channel signal. It is expected 
that although 5G has recently emerged, the platform will be 
exploited for cell analysis and forecasting for frequency sup-
ply and demand management, given that traffic will be mainly 
attributed to 4G for the time being. Furthermore, analysis and 
prediction studies using the collected big data and machine 
learning-based techniques will be considered in further work.
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NOMENCLATURE
NPHICH

Group
 Number of PHICH groups

NH PHICH group scaling factor

NBW
RB

 Number of total RBs for the bandwidth
NCCE Number of CCEs in a subframe
NSym Number of OFDM symbols in the control region
NAP

CRS
 Number of resource elements for the common refer-

ence signal in the control region depending on the number of 
antenna ports
NPDCCH Number of PDCCHs in the control region
NDEC Maximum number of trials for decoding DCIs
NDCI Number of candidate DCI formats
�CCE Decision criterion for CCE occupancy
sj,k Received complex symbol on the kth RE among the 
resources for the jth candidate DCI format
x̃∗

j,k
 Modulated complex symbol of re-encoded DCI bits 

on the kth RE among the resources for the jth candidate DCI 
format
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