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JOHANNES LAMPELA
LUDVIG SVENSSON
Department of Computer Science and Engineering
Chalmers University of Technology and University of Gothenburg

Abstract
Equipment for testing the 4G and GPS functionality in a cellular modem can be ex-
pensive for a small company. This master’s thesis investigates how a simple testbed
can be implemented in an affordable way. The investigation concluded that a soft-
ware defined radio together with open-source software could be used for a low-cost
testbed implementation. The proposed solution was implemented and the testing
of the system showed that it indeed can be used for functional verification of 4G
as the testing is quick, stable, and successfully simulates a realistic scenario. The
implemented GPS test is stable and can successfully be used for functional verifi-
cation, but cannot simulate a realistic worst-case scenario in terms of signal power.
The main conclusion is that a software defined radio indeed can be used for simple
testing of LTE and GPS functionality in a cellular modem.
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1
Introduction

A cellular modem is a key component in any device that needs to be connected to
the Internet or other devices from a remote location. It is used in common equip-
ment such as cellphones, network adapters, 4G routers and other smart devices.
Even though the modem is common, it is complex, which makes it difficult to ver-
ify full functionality of the component. Therefore, testing equipment for function
verification is usually expensive, advanced, and may require a skilled operator [1].
Some companies offer purchasable or rentable testing equipment at huge costs in
the range of hundreds of thousands SEK [2]. However, this equipment focuses on
product development as well as production testing. The extensive functions of this
equipment are not all necessary for an in-production function test.
In this thesis, we investigate how a simpler and more affordable test system can be
implemented. Such a system would allow smaller companies, which might not afford
the expensive equipment, to still have a reliable test process in the production of
their devices. Such a test procedure would reduce the risks of customers receiving
faulty devices and reduce the risk of functional devices being discarded due to a
failed, unreliable test.

1.1 Aim and Research Questions
The aim of this project is to investigate an implementation solution of an affordable
testbed for a built-in cellular modem, suitable for a production environment. The
testing solution shall primarily focus on verifying the functionality of long-term evo-
lution (LTE) communication and also verify the functionality of a global navigation
satellite systems (GNSS) receiver.
The goal is that the resulting solution from the investigation should be implemented,
tested and verified to be reliable enough to be used in production of devices with a
built-in cellular modem.
The following research questions are used as the core of the investigation:

• Is a field-programmable gate array (FPGA) with a radio frequency (RF) pe-
ripheral or a software defined radio (SDR) with a general-purpose processor
(GPP) best suited as a platform for the implementation of the test system in
the terms of cost, reliability, and flexibility?

• How can academic research on LTE implementations on the chosen platform
be applied for this industrial application?
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1. Introduction

• How can a test system be implemented to verify the functionality of a built-in
cellular modem without the presence of a public downlink signal?

• How does a hardware implementation on the chosen platform meet the test
requirements that we will identify, and is it suitable for use in a production
environment?

1.2 Limitations
To be able to estimate the time required in the implementation process of the system,
the investigation will be limited to platforms and development tools in which the
developers have previous knowledge about. Therefore, the platform selection will
be limited to FPGA and GPP.
Due to the current pandemic, long delivery times of hardware components can be-
come a problem. Therefore, hardware choices will be affected by the availability of
the different options and not only by the technical aspects such as performance.
Another limitation is the price of the platform. There is a limited budget dedicated
to the project, so hardware components that cost more than 20,000 SEK will not
be investigated.
One more potential limitation is the possibility of future development and mainte-
nance of the test system. If a suggested solution requires paid licensed tools and/or
special skills to allow for future development or maintenance, it will affect the choice
of solution.
The final limitation is that the test system is designed to interact with the modem
through the antenna connections and through a serial connection. This limits the
possibility to, for example, verify the connection of all solder joints connecting the
modem to the device. The serial connection with the modem will be designed to
function with the modem used in this project. Additional work might be needed for
compatibility with other brands of modems.

1.3 Thesis Outline
The structure of this thesis is to first, in Chapter 2, explain the theory about the
relevant concepts. Chapter 3 presents the testbed investigation research and the
resulting implementation suggestion. Chapters 4 and 5 explain the implementation
process and the results of the performed tests on the testbed. Chapter 6 covers the
discussion about design choices and testing results. Finally, Chapter 7 presents the
conclusions of this work.
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2
Theory

For the reader to fully understand the investigation, implementation, and discussion
in this report, some knowledge about the concepts is needed. This chapter presents
the theory of the technologies used in this report.

2.1 Long-Term Evolution Communication
Third Generation Partnership LTE (3GGP LTE) or simply LTE, is a communica-
tion technology known as 4G. LTE provides fast data rates in both the downlink
and uplink with up to 300 Mbit/s and 75 Mbit/s respectively. It also increases the
bandwidth in the radio channel up to 20 MHz [3]. LTE provides a fast roundtrip
time, flexibility in bandwidth and frequencies, high spectral efficiency, and high peak
data rates, which all are requirements for the access network [3].

2.1.1 System Architecture Overview
The architecture of the LTE network, called system architecture evolution (SAE) [4],
consists of the evolved universal mobile telecommunications system (UMTS) terres-
trial radio access network (E-UTRAN) and the evolved packet core (EPC). The
E-UTRAN and EPC are called evolved packet system (EPS) and the architecture
is shown in Fig. 2.1. In the E-UTRAN there exists only one network element which
is the base station Evolved Node B (eNodeB), while in the EPC there exists many
other [5].

eNodeB

EPC

EPS

User Equipment

OFDMA

LTE

Figure 2.1: Picture that shows the EPS architecture, adapted from [3].
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2. Theory

Evolved Packet Core

The LTE system’s core network is the EPC which consists of four components:
The Home Subscribe Server (HSS), Serving Gateway (SGW), Packet Data Network
Gateway (PGW), and the Mobility Management Entity (MME) [6]. The internal
structure can be observed in Fig. 2.2.

In order for the E-UTRAN to be granted access to the EPC, it needs to pass through
the MME, which manages the security needed for E-UTRAN access and also handles
the control plane. The MME also connects to the HSS to retrieve subscriber and
user information for setting up call sessions, authentication, authorization, and the
necessary support functions for completing those tasks [6].

The SGW handles the communication and routing of IP packets to the external
networks from the User Equipment (UE) [6] such as cellular modems which can
be seen in Fig. 2.2. The SGW is connected logically to the PGW which performs
controls of IP addresses, IP prefixes, policies, charging and handles communication
to and from the packed data networks [6].

PGWSGW

MME HSSUE eNodeB

External
NetworkE-UTRAN

EPCControl Plane
User Plane

Figure 2.2: Picture over E-UTRAN and the EPC’s internal architectures, adapted
from [6].

Evolved Node B

An eNodeB is a base station in LTE E-UTRAN which connects to the UEs and
also to the rest of the base stations spanning up the LTE access network [3]. The
connection setup and handover time for communication with LTE is faster than for
that of the previous generation, UTRAN, as some of the intelligence is distributed
to the base stations [3]. In UTRAN systems, the radio network controller had to do
all the work [7]. This improvement allows for a faster downlink communication in
the network [3].

2.1.2 Data Transmission
LTE transmits data over the physical channel by using two different modulation
techniques in the downlink and uplink [8].
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2. Theory

Downlink

The LTE downlink transmits data by using a modulation technique called orthog-
onal frequency-division multiple access (OFDMA) [8]. OFDMA is a modulation
scheme designed for multiple users and is a version of orthogonal frequency division
multiplexing [9]. With OFDMA, problems such as multipathing and intersymbol
interference (ISI) are reduced [10]. OFDMA handles ISI well because the band-
width is broken up into subcarriers and information is sent in parallel over these
subcarriers [10].

Providing protection against multipath spread delay is also important. Without
protection ISI can be introduced as a consequence of symbols that overlap in the
received signal [9]. However, OFDMA solves this problem by adding a guard band
in-between the symbols, which is called the cyclic prefix (CP) [9].

LTE uses a constant subcarrier spacing of 15 kHz, independent of the selected band-
width [8]. Twelve subcarriers span up 180 kHz in the frequency domain which cor-
respond to 0.5 ms in the time domain. This is called a resource block (RB and it is
the smallest available resource allocated in both the downlink and uplink. Using a
higher bandwidth allows fore more RBs [8]. The whole RB is observable in Fig. 2.3.

Since the bandwidth is split into sub-carriers, the noise has a high dynamic range fol-
lowing the amplitude spikes power peak of overlapping carriers when in phase, which
results in a high peak-to-average power ratio (PAPR) that needs to be controlled
by power amplifiers [11].

0.5ms
Time
slot


7
Symbols

180kHz(12x15kHz) 

Resource block spread over 1.4MHz-

20MHz

Figure 2.3: Illustration of the time and frequency grid for a resource block, adapted
from [12].

.
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Uplink

LTE does not use OFDMA in the uplink. Instead, it uses single-carrier frequency-
division multiple access (SC-FDMA). The reason for this is to avoid the high PAPR
that is generated from pure OFDM [8]. Reducing the PAPR is of great importance
in the UEs as it determines the efficiency of the power amplifiers and also how much
coverage the UEs will have [13].
Although the PAPR is reduced by using SC-FDMA. The performance is affected by
the order of modulation used. Using a higher order in the modulation will reduce
the PAPR advantage that SC-FDMA has [14].

2.1.3 UE and eNodeB Synchronization
In order for a random access (RA) procedure to be established between the UEs
and eNodeBs. The UEs and the eNodeBs has to perform cell search and then
synchronization with a primary and secondary synchronization signal. [15]. Initial
cell search is performed by the UEs and refers to the search and synchronization of
nearby base stations in order to set up an access in the downlink [15].
The base station periodically sends out primary synchronization signals (PSS) and
secondary synchronization signals (SSS) which are detected by UEs in order to sync
the time and frequency with each other. It is not possible for the UEs to be selected
for transmission in the uplink if synchronization hasn’t occurred. The PSS contains
information about cell group ID while the SSS contains information about cyclic
prefix (CP) length, cell-id, properties and frame timing [15].
From the PSS and SSS, system information can be downloaded to the UE, which
are needed for the UE to set up a physical random access channel [15]. The cell
search procedure can be seen in Fig. 2.4.

Start of Cell
Search

Detection of cell ID
group, frame timing,

and other cell-specific
information

Detection of
symbol timing
and frequency

offsets

Detection of Cell
ID from downlink
reference signals

End of Cell
Search

Figure 2.4: Procedure of the cell search, adapted from [16].

2.2 Global Navigation Satellite Systems
GNSS is a collective name of navigational satellite systems like GPS, Galileo, GLONASS
and BeiDou which are developed by US, Europe, Russia, and China [17]. The sys-
tems consist of several satellites in orbit around the Earth on a distance of approx-
imately 20,000 km [18].
GNSS uses the positioning, time and distance of several satellites in orbit to calculate
the position of the receiver through trilateration that measures the distance between
the satellites and the receiver [19]. The GPS system can provide synchronization
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2. Theory

services and positioning with a global coverage [18]. Due to the long distance be-
tween the satellite and the receiver on Earth, the received signal power is normally
around -125 dBm [20].
The GPS system uses two RF-links, which are called L1 and L2. The carrier fre-
quency of link L1 is 1575.42 MHz and the frequency of L2 is 1227.6 MHz. Both
carriers are modulated as one or more bit-trains, using modulo-2 addition of the
pseudo-random noise ranging code (PRN) and the system data of the downlink
(NAV). The different PRN ranging codes that are sent are the Precision (P) code,
the Y-code, and the Coarse/Acquisition (C/A) code [21].

2.3 Cellular Modem
A cellular modem is a component which can be installed in a system to add wireless
connectivity. The key function of the modem is to add a 3G, 4G and potentially
a 5G connection depending on the modem [22]. In addition to the cellular signals,
modems can also include other wireless technologies, such as a GNSS engine and
receiver for geopositioning [23]. A device with a cellular modem is called UE in the
cellular network and has the required protocols implemented within the modem.

2.3.1 Subscriber Identity Module
Each cellular modem needs a subscriber identity module (SIM) to establish a con-
nection with the cellular network. The SIM is a removable card which has a set
of identification numbers and security keys, unique to each individual card. The
international mobile subscriber identity (IMSI) is a 15-digit number which is the
units’ identification number in a network. Three of the digits is the mobile country
code (MCC) which indicates which country the unit belongs to. Two other of the
15 digits is the mobile network code (MNC) which in turn indicates which mobile
operator the unit belongs to. The key identifier (Ki) is a 128-bit secret encryption
key for which the network uses to verify the legitimacy of the device. If the Ki does
not match with what the network expects, it will reject the connection attempt [24].
In the same way that the Ki is used by the network to validate the device, the device
uses operator code (OP) or cyphered operator code (OPc) to validate the network.
These are also secret 128-bit keys similar to the Ki [25].

2.4 Software Defined Radio (SDR)
SDR is a dominant standard today in the industry [26]. It is a component which con-
sists of a radio communication system that performs modulation and demodulation
of radio signals under software control [27]. This is done by using re-configurable
digital electronics and a GPP as controller, which opens up the potential of running
new radio protocols just by exchanging the software [27].
Signal properties, such as modulation technique, signal bandwidth, and the carrier
frequency, are implemented in software reconfigurable components [28]. Analog
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2. Theory

components such as antennas, power amplifiers, pre-filters, and switches are fixed
hardware components [29]. An example of an SDR implementation is shown in
Fig. 2.5.

Wireless 

RF

Receiver

frontend

Channel
decoderDecimator Demodulator Detection

Transmitter

frontend

Channel
encoderInterpolater Modulator Pulse

forming

ADC

DAC

Software

Figure 2.5: A block diagram of how an SDR is typically implemented, adapted
from [30].
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3
Testbed Investigation

To obtain an understanding on how the testbed can be implemented efficiently,
inexpensively, as stable as possible, and with the possibility of further development,
several solution paths were investigated. This chapter presents the investigated
concepts, considers the advantages and disadvantages of them, and explains the
design choices made from the investigation.

3.1 Test System Requirements
To decide the requirements of the testbed, the testing process needed to verify
functionality of the modem was investigated. Additionally, requirements for being
suitable for a production environment were specified.
To avoid any legal issues, it was decided that the testbed should only perform wired
testing, since it is not legal to transmit signals with any significant amount of power
in the licensed frequency bands [31].
Since the testbed is intended for testing during manufacturing of devices with a
built-in modem and not for development, all functions of the modem do not need to
be tested. A full function verification should have been done by the manufacturer
of the modem prior to the installation in a system. This shifts the focus to verifying
the data path between the modem and the antenna ports, as well as to verify that
the modem can be used by the main processor in the device.

3.1.1 LTE Verification
To verify the functionality of the LTE communication, it is deemed to be enough to
establish a connection between the modem and the eNodeB. Therefore, a functional
downlink and uplink channel is required to complete the RA procedure. In addition
to an established connection, the received signal strength in the uplink and the
downlink should be checked. If a data path is damaged or has imperfections but
still works, the fault can be detected by comparing the received signal strength to
a reference value. The reference value depends on the wired RF path between the
testbed and the device-under-test (DUT) as well as the gain values in the downlink
and uplink channels.
For the verification to be correct, the transmitted signal from the testbed needs to
be comparable to an official signal in terms of signal power.

9



3. Testbed Investigation

To verify that the DUT signal detection is an actual signal and not a malfunction in
the device, the network name can be verified to match the network of the testbed.
This verification needs a serial communication with the modem.

3.1.2 GPS Verification
To verify the functionality of the GPS, a position needs to be established by the
modem and the transmitted signal needs to have a realistic signal power. For addi-
tional verification, the IDs of the reported satellites in view can be verified to match
the satellites in the simulated signal. This verification needs a serial communication
to the modem, as the GPS only consists of a downlink.

3.1.3 Production Environment Requirements
To be suitable in a production environment, the testing needs to be done as time-
efficiently as possible since a bottleneck could limit the entire production chain.
However, it is critical that no faulty devices pass through the function verification
and are shipped to the customer.
The testbed needs to be quick and simple to set up to be viable in a production
environment since time is of the essence. Any user error causing a delay would be
highly undesirable and needs to be avoided.

3.2 Platform Investigation
To investigate how the core of the test system with the signal generation could be
implemented, a couple of possible solutions were looked into. The solution sug-
gestions branched out from two concepts: implementing the signal generation on
an FPGA evaluation board with an RF frontend or using an SDR together with a
GPP. The considered aspects are hardware cost, development time/complexity and
the possibility of further updates.

3.2.1 SDR Based LTE Implementation
By using a GPP-based implementation with an SDR, the full LTE protocol stack
could be implemented to do the communication correctly. This would be a stable
solution since the LTE communication between the DUT and the testbed would be
performed as intended. It is not necessary to code the protocol stack implemen-
tation from scratch as there are multiple open-source projects which have already
implemented it, such as srsRAN (formerly srsLTE), OpenAirInterface (OAI ) and
OpenLTE. However, if there is a need for custom functions or the available software
is not satisfactory, one could build a custom software.

Complete LTE Protocol Stack Implementation

All the open-source projects srsRAN, OAI and OpenLTE are software implementa-
tions of the 3GPP LTE stack with EPC, eNodeB and UE [32, 33, 34] , with additional
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support for commercial off-the-shelf (COTS) UE devices [35, 36, 34]. The software
can be built and executed on a computer running a Linux-based operating system
and use an SDR as an RF frontend. The SDRs which can be used in these so-
lutions varies in performance and range in price from approximately 2.000 SEK to
15.000 SEK. These are covered in detail in Section 3.4.
The srsRAN and OpenLTE software are published with GNU Affero General Public
License, Version 3 [37, 38] which allows for commercial use. This is not the case
for OAI since the license only allows for personal or academic usage [39].
The documentation of the srsRAN software claims that both the EPC and the
eNodeB are able to run in parallel on a Raspberry Pi 4 with a low performance
configuration [40]. This is also possible with OpenLTE since it is the simplest
of the three [34]. OpenLTE is claimed to have the EPC included in the eNodeB
software but is not officially confirmed. The ability to run both the EPC and the
eNodeB on the same machine is not recommended with OAI in the later versions of
the software [36]. Previous research indicates that srsRAN has shorter connection
times than OAI [41].
Amarisoft LTE 100 is another software implementation of the 3GPP LTE stack.
This software is the most advanced of the currently available software LTE imple-
mentations [42], but is not open-source and requires a paid license.

Custom LTE Implementation

Another possible way to implement the test would be to use MATLAB or GNU Radio
instead of the previously mentioned solutions for the signal generation. This allows
for a fully customizable implementation where the developer designs the complete
system.
The LTE Toolbox in MATLAB has extensive documentation with several examples
for which could be helpful if chosen as an implementation method. However, this
would require a paid license of MATLAB and the LTE Toolbox in order for further
development.
GNU Radio, which does not require a paid license, can also be used to implement
LTE communication. This is shown by the open-source project OpenLTE, which
is built with it. Although there is a large community working with GNU Radio
and sharing their work, there is limited official documentation, example designs and
plug-ins.
Both these solutions could be used for an LTE implementation, but would require
a significant amount of implementation time compared to using one of the pre-built
stack implementation.

3.2.2 FPGA-Based LTE Implementation
If the signal generation would be implemented on an FPGA development board
with an RF frontend, the communication could possibly be done without the proto-
col stack by implementing a hard-coded RA procedure. This might however require
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long development time since it would require a custom implementation. The imple-
mentation could be done with MATLAB using the LTE Toolbox or with Xilinx ISE
Design Suite [43].
Another possibility is to use the FPGA board and an RF frontend as an SDR
unit together with a GPP controller like in [44]. This would however not be a
cheaper alternative than using a pre-built SDR as the RF frontend FMCOMMS4 [45]
together with a Xilinx ZedBoard [46] cost approximately 10,000 SEK. It is also not
supported by the LTE stack implementations described in Section 3.2.1 and would
therefore require a custom implementation.
Both MATLAB and the tools from Xilinx require paid licenses [47, 48] and previous
knowledge to be used efficiently. Therefore, both these solution paths are deemed
less flexible for further development than previously mentioned solutions.

3.2.3 GPS Simulator Investigation
One available solution for the GPS test-implementation is to use an SDR with
GPS-SDR-SIM, which is an open-source implementation of a GPS simulator. It
uses real ephemeris data [49] to generate a GPS baseband data stream, which can
be transmitted as RF using an SDR [50]. According to [51, 52], the software can
generate a signal, transmit it with an SDR and have a GPS receiver to acquire a
stable position from it.
Another possible solution, if using an Ettus USRP SDR, would be to use the GPS
Simulation function in LabVIEW. The software, created by National Instruments,
does however require a paid license to be used [53].
The GPS simulator could also be custom-built on an FPGA with MATLAB/Simulink
like in [54]. This requires a significant development time and a paid license.

3.2.4 Platform Choice
With the gathered information of the different solutions, the SDR implementation
with srsRAN was chosen to be the most suitable LTE implementation for this
project and the GPS-SDR-SIM for the GPS implementation. The SDR was chosen
as the most promising platform due to its short implementation time, relatively low
cost, and it is deemed to be stable enough for this project. The reason why it was
deemed stable enough is that there are several papers, such as [41, 55, 56], which has
previously used SDRs for LTE implementations. Another benefit is the flexibility
of SDRs which allows for implementation of both the LTE verification and GPS
verification on the same hardware.
OpenLTE was not chosen as it has the least documentation and does not appear as
commonly as the srsRAN or OAI in previous research. This leaves an uncertainty
of how well the software performs.
The reason for why srsRAN was chosen above OAI was because, as already men-
tioned, has shorter connection times. The documentation claims that it can run
both the EPC and eNodeB on a single Raspberry Pi 4 [40] which keeps the total
price of the implementation to a minimum.
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A final reason is that the license of srsRAN allows for commercial use, while OAI
has a stricter license. OAI would be a viable option as well and could be used as a
backup if the srsRAN implementation would fail.

3.3 GPP Investigation
The chosen solution for further investigation, using an SDR along with a GPP, re-
quire the GPP to run a Linux-based operating system and recommends Ubuntu [57].
The documentation for srsRAN claims that a Raspberry Pi 4 2GB running Ubuntu
Server 20.04 LTS is capable to run the srsEPC and the srsENB software with an
USRP SDR [58]. The example setup is configured to operate in band 3 (1800 MHz)
with a bandwidth of 3 MHz, which corresponds to 15 RBs. Since the data trans-
fer rate is not important in this implementation, as described in Section 3.1.1, this
bandwidth would be acceptable. This indicates that a computer with equal or better
performance than a Raspberry Pi 4 should be sufficient for the testbed implemented
in this project.
Single-board computers (SBC) such as the Raspberry Pi are generally inexpensive
and would keep the hardware costs low. An additional benefit would be the small
form factor, allowing for a physically smaller implementation of the testbed com-
pared to a full size PC, laptop or mini computer.
With this information, a Rock Pi 4B 4GB was chosen for the system implementa-
tion as it has the same SCB form factor as a Raspberry Pi 4 but with additional
computational power [59] and both devices costs approximately 1000 SEK.

3.4 SDR Investigation
Since there are several SDRs on the market with varying prices and specifica-
tions, the first selection on which SDRs to investigate was the devices supported
by srsRAN. This is determined by which drivers it supports. Along with the spe-
cific SDR drivers UHD and BladeRF, srsRAN also supports SoapySDR which is a
general driver for SDRs from several brands [60]. From this list, only the devices
with the possibility to transmit and that support the required frequency range, were
further investigated. Furthermore, only devices that cost less than 20,000 SEK are
of interest, in order to keep the total cost low enough to be reasonable for a small
company.
One SDR which was excluded from the comparison list was the LimeSDR. It has
specifications compatible in many aspects for a good price. The reason for this is
that it is currently unavailable due to the component shortage, partly caused by the
current pandemic.
The specifications of the investigated SDR units can be seen in Fig. 3.1. The cells
marked green in the figure are the ones that are preferred or fulfill the set re-
quirements, while the red cells are deemed to be insufficient. The yellow cells are
considered to be good-enough options, while the orange cells could work but may
risk being insufficient.

13



3. Testbed Investigation

USRP B210 BladeRF 2.0
micro xA4USRP B205mini-i HackRF One ADALM-PLUTOUSRP B200

USB3.0 USB3.0USB3.0 USB3.0 USB2.0 USB2.0

325MHz - 3.8Ghz

(70MHz - 6GHz)

61.44 MSPS

47MHz - 6GHz 1MHz - 6 GHz

20 MSPS

8-bit

61.44 MSPS

12-bit 12-bit

61.44 MSPS

70MHz - 6GHz

56MHz 56MHz

12-bit

61.44 MSPS

70MHz - 6GHz

56MHz

12-bit

61.44 MSPS

70MHz - 6GHz

56MHz

12-bit

20MHz 20MHz

Yes YesYes No

2X2 2X21X1 1X1 1X1 1X1

±25ppm±20ppm±5ppm±2ppm±2ppm±2ppm

No No

Requirements

USB3.0 (LTE)

USB2.0 (GNSS)


410MHz - 3.6GHz

Up to 20MHz (LTE)

24MHz (GNSS)

30.72MSPS (LTE)

Preferably: 12-bit

Preferably: Yes

1X1

±0.25ppm (LTE)
±0.1ppm (GNSS)

15,000 SEK 7,300 SEK8,800 SEK 4,700 SEK 3,100 SEK 1,900 SEK

USB

Frequency range

Frequency
bandwidth

Sampling
frequency

ADC/DAC
resolution

Output power
calibration

TX/RX channels

Frequency
accuracy

Approximate Price

Both External No
Required if

insufficient Freq.
accuracy

Upgradable or
external clock UpgradableExternalBoth

USB3.0

70MHz - 6GHz

56MHz

61.44 MSPS

USB3.0

70MHz - 6GHz

56MHz

61.44 MSPS 61.44 MSPS

56MHz

USB3.0USB3.0

56MHz

Figure 3.1: Investigated SDRs with specifications.

3.4.1 USB
The USB connection of the units is either USB 2.0 or 3.0 where the latter can transfer
up to 10 times more data depending on the internal bus [61]. In the documentation
for srsRAN [35] and in the user forums [62] it is expressed that USB 2.0 is not
sufficient for the eNodeB implementation. This excludes the HackRF One and the
ADALM Pluto from the selection of viable SDRs.

3.4.2 Frequency Bandwidth
All the USRP devices and the BladeRF can handle the required bandwidth, which is
up to 20MHz for LTE and 24MHz for GPS (L1 C/A) [63]. The LTE implementation
will most likely not be implemented with 20MHz, but instead a narrower bandwidth.
This is because a higher bandwidth requires a higher central processing unit (CPU)
usage in the eNodeB and the resulting higher data rates are not of interest in this
implementation as described in Section 3.1.1.

3.4.3 Output Power Calibration
The possibility to calibrate the output power of the SDR is a feature which rarely
is of interest for the common use of SDRs. However, in this project, it is desired
since an accurate signal would result in a more accurate reference value described
in Section 3.1.1. This is the value which the reported signal strength in the UE can
be compared to during the test.
With the latest driver update, UHD 4.0, the USRP SDRs support input and output
power calibration with reference power levels [64]. The SDR uses the calibration
data and compensates for it automatically.
If output power calibration is not available, the calibration data would have to be
manually created using a calibrated measuring instrument. The software in the
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testbed would then need to read the data and compensate for it. This would be
acceptable, but would make the calibration process more inconvenient.

3.4.4 Frequency Stability
Having a decent frequency stability is an important factor when operating base
stations for LTE. Being outside the recommended specifications for the minimum
required stability is bound to fail and introduce all kinds of error patterns in the
system according to [65]. However, other sources indicate that LTE communication
is possible with a frequency accuracy outside the specified limit [41, 55, 56].
The recommended stability for LTE lies between 50 and 250 parts per billion
(ppb) [66]. This means that all the SDRs investigated have crystal oscillators
which are outside the recommendation. However, some SDRs have the possibil-
ity to upgrade their frequency stability by using an external reference clock instead.
Depending on the oscillator in the reference clock, this option can significantly in-
crease the frequency stability. A reference clock with an oven controlled crystal
oscillator (OCXO) has a frequency stability in the range of parts per billion instead
of parts per million (ppm), which is the range for temperature compensated crystal
oscillators (TCXO) [67].

3.4.5 SDR Choice
From the investigated SDR devices, only the USRP SDRs and the BladeRF have
sufficient performance to be a feasible choice for this implementation. Neither of the
two meets the frequency stability requirement, but they both support the use of an
external reference clock.
The chosen SDR was the USRP B205mini-i since it is the cheapest SDR that meets
all the requirements except for the frequency stability for which an external clock can
be used as a solution as mentioned in Section 3.4.4. It also supports output power
calibration that is a desired feature. The final reason is that previous research [41, 55,
56] has shown that the more expensive USRP B210, which is equal in performance
but includes two TX/RX channels, can successfully be used for LTE implementations
with srsRAN.
The USRP B200mini could also be used, since the only difference to the B205mini-i
is the FPGA used in the device [68]. Since the SDR will be used in the standard
configuration, the additional FPGA resources is not needed in this implementation.
The B205mini-i were available at a lower price than the B200mini which is the
reason it was chosen instead.

3.5 RF Channel Investigation
As the modems in UE devices generally use combined antennas for the transmit and
receive channels and the eNodeB has separated transmit and receive antennas, a
solution on how to connect the devices in the LTE implementation was investigated.
The RF channel for the GPS implementation was also investigated.
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3.5.1 Combining LTE Uplink and Downlink channels
To combine the uplink and the downlink channels, a power combiner/divider can be
used to merge the two channels into one. Another option is to use a duplexer which
also includes a bandpass filter to suppress the downlink frequencies in the uplink
channel and uplink frequencies in the downlink channel. A duplexer is specified to
the frequencies of a single band. For this implementation, a power combiner/divider
would be a better solution, since the use of a duplexer would limit the use to only
one LTE band.

3.5.2 Channel Attenuation
Since both the LTE and the GPS are intended to be transmitted wirelessly, we can
expect a significant power loss in the RF channel. This needs to be introduced in the
wired channel in the form of attenuators. The minimum attenuation value required
is decided by the transmitted power and the maximum safe input power limit of the
components.
The chosen USRP B205mini-i SDR has a transmit power of approximately 10 dBm
and a maximum safe input power of −15 dBm [69]. The Quectel EG25-G modem,
which will be used as a DUT in the testing of the system, has a maximum safe input
power of 35 dBm for the LTE antenna port and 15 dBm for the GNSS antenna port.
The modem transmits LTE with a power of 23±2 dBm but GSM (2G) with a power
of 33±2 dBm from the same antenna port [70]. Therefore, an attenuation value of
at least 50 dB is required to not risk causing damage to the SDR.
An attenuation value of 60 dB is deemed suitable for the LTE test implementation
as it results in a good margin to the 50 dB safety requirement. It also brings the
received signal power down to a level to what a wireless LTE transmission would
result in, which is less than −30 dBm [71]. Finally, it would result in an 120 dB
attenuation between the transmit and receive ports of the SDR, which is considered
a generous amount in a wireless setup [72].
For the GPS test implementation, additional attenuation is required since GPS
signals are received with a power of −125 dBm. Therefore, 90 dB of attenuation is
suitable.

3.5.3 DC-Component Blocker
It is common that the GNSS antenna port uses a bias tee to add a DC component in
the channel. This is used to power the amplifier when using an active antenna, but
it is not desired in a wired RF connection since the introduced power could damage
the connected hardware. A DC blocker is therefore needed in the wired RF path to
remove the DC-component.

3.6 Investigation Results
The testbed implementation solution that this investigation has resulted in is shown
in Fig. 3.2. The test-system features two USRP-B205mini-i SDRs: One for the
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LTE test with srsRAN and the other one for GPS test with GPS-SDR-SIM. The
reason two SDRs are used is to run the LTE and GPS test in parallel to reduce the
testing time. This is to make it as viable as possible for the production environment
specified in Section 3.1.3.
The SDRs are connected to a Rock Pi 4 running Ubuntu Linux. The SMA ports
of the LTE test SDR are connected to 60 dB attenuators which are connected to a
power divider/combiner with a DC blocker. The DC blocker is in turn connected
with SMA RF-cables to the UE. The GPS test SDR are connected to the modem
with 90 dB of attenuation and a DC blocker.

LTE/GPSTestbed

RF cable

USB

Modem

USB

SIM Card

LTE GNSS

USB

RF cable

SDR

USRP B205mini-i


 Tx Rx

  ROCK PI 4B

  Ubuntu Linux

LTE ENB&EPC
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GPS Simulator
GPS-SDR-SIM

Test program

SDR

USRP B205mini-i


 Tx Rx

60dB
60dB


Power
Divider/Combiner

DC-Block

90dB


DC-Block

Figure 3.2: Testbed implementation overview.

3.7 Solution Feasibility
To test the feasibility of the chosen solution, an ADALM Pluto SDR was used as a
first test implementation before investing in the chosen SDR. The reason this device
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was used despite it was previously deemed to be insufficient was because it was
already available to the development team.

The host computer used for the initial tests was an HP EliteBook 840 G3 running
Ubuntu 20.04. The reason the testing was not done on the Rock Pi 4 was because
the use of a GUI would speed up the testing process but would also require extra
resources which might be too much for the Rock Pi 4. SoapySDR and the other
required drivers were installed, and the software IIO Oscilloscope [73] was used to
verify the transmit and receive functionality of the SDR.

During the tests, the devices were connected with an RF cable and a 30dB attenuator
in order to not transmit any signals to the environment.

3.7.1 srsRAN Test with Pluto SDR
The srsRAN project and the required drivers were installed and configured as de-
scribed in Section 4.1.2. The EPC was started and ran stably on the host computer
and when the eNodeB software was started, it successfully identified the Pluto SDR
and connected to the EPC. However, the modem did not detect the downlink.

The results of these tests can not be used to verify that srsRAN can be used for
the LTE implementation. However, the results were to be expected since srsRAN
recommends that a USB 3.0 connection is used for the SDR and is known to have
issues with USB 2.0 as mentioned in Section 3.4.1.

Despite these results, srsRAN is still considered a viable solution, as the software
itself ran without issues. However, a more capable SDR than the ADALM Pluto is
most likely needed for a successful implementation.

3.7.2 GPS-SDR-SIM Test with Pluto SDR
Tests of the GPS implementation were then performed with the Pluto, but the GPS-
SDR-SIM does not support transmitting the signal with a Pluto SDR using USB.
The branched project multi-gps-sdr-sim was therefore used instead.

After connecting the SDR to the modem and transmitting the signal, the NMEA log,
which is the serial channel where GPS information is reported, indicated that the
receiver was able to identify the ID numbers of the simulated satellites. Occasionally
the elevation information of some satellites was decoded, but the modem was unable
to determine a position from the information.

The receiver also reported some satellite IDs which were not in the list of simulated
satellites. These satellites were not reported when the SDR did not transmit. This
could indicate a problem in the signal generation, but is most likely caused by the
insufficient frequency stability of the SDR.

These results indicated that the GPS-SDR-SIM can generate a signal that the tested
modem can decode information from, but the Pluto was not stable enough to trans-
mit it correctly.
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3.7.3 Feasibility Conclusion
From the performed tests, along with the results of previously done research on the
subject presented earlier in this chapter, a conclusion was drawn that the suggested
solution was feasible but could not be proven to work. It is deemed feasible since, for
the LTE implementation, the EPC and eNodeB ran successfully but the transmitted
signal by the Pluto SDR could not be identified by the modem. For the GPS sim-
ulation, the receiver could decode information from the generated and transmitted
signal, but not enough to establish a position. Both these problems could be caused
by the insufficient specifications of the ADALM Pluto and could be solved with an
SDR with specifications within the requirements.
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4
Implementation

This chapter explains how the software environment of the testbed was set up, how
the LTE and GPS tests were implemented, and how the hardware components were
assembled.

4.1 Software Environment Setup
As explained in Chapter 3, Ubuntu Linux is the recommended operating system
for srsRAN. Since the Rock Pi 4 is an ARM based platform, Armbian was chosen
as it is an Ubuntu Linux image optimized for ARM based SBCs’ [74]. The chosen
version was Armbian Focal EU for the Rock Pi 4 A/B/C which is an Ubuntu 20.04
image [75].
After downloading and flashing the Armbian image to an SD card, it was inserted
into the Rock Pi 4. Before any new software was installed, the pre-installed software
was updated. The CPU governor was also set to performance mode so that srsRAN
would run reliably.

4.1.1 UHD
The UHD software was available as packages to be installed in Ubuntu. It was
however an older version and since the power calibration feature added in the later
releases was desired, the software was built and installed from source code.
The UHD source code for version 4.1.0.4 was therefore downloaded from GitHub,
the dependencies were installed, and then the software was built with CMake. The
built project was then installed and the FPGA images for the USRP devices were
downloaded. With the B205mini-i SDR connected to the USB 3.0 port, the function
of the drivers could be verified by probing the SDR.

4.1.2 srsRAN
The srsRAN software was also available as a package installation, but since it was
built with an older version of UHD, srsRAN was instead built and installed from
source code.
The source code for the latest release (21.10) were downloaded from GitHub, the
dependencies were installed, and the software was built with CMake. The built
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software was installed in the system and the configuration files were installed with
user configuration.
The EPC and the eNodeB were configured to operate with MCC = 208 and
MNC = 92, which corresponds to a French test network. The reason for this was
because the used SIM cards from Open-Cells [76], arrived pre-programmed with
these values. Furthermore, a user with the SIM card’s IMSI, Ki, OPc values was
added to the HSS database.
The eNodeB was configured to operate in the middle block of LTE band 5. The
reason band 5 was chosen was because it is a lower frequency band (around 800 MHz)
and it was not used in Sweden. The LTE band can be changed to another band
since the RF path is not restricted with a duplexer as described in Section 3.5.
The eNodeB was also configured to operate with 6 RBs which corresponds to a
bandwidth of 1.4 MHz since less RBs requires less CPU resources. Another benefit
of a narrow bandwidth is that the transmitted power was distributed over fewer
frequency components. Therefore, a signal with narrower bandwidth has better
SNR than a wider bandwidth if transmitted with the same power.
The final configuration for srsRAN was to include the serial number of the dedicated
SDR for LTE testing in the eNodeB configuration. If the serial number was not
included, there was a risk that the eNodeB started transmitting and receiving with
the wrong SDR. The SDR serial number could be reported by probing the device
with UHD.

4.1.3 GPS-SDR-SIM
The source code for the GPS-SDR-SIM software was downloaded from GitHub.
However, before building the software, GNU Radio was downloaded since it is re-
quired for operation with USRP SDRs. GNU Radio in turn requires Volk which
also was downloaded. Note that UHD was needed to be installed before GNU Radio
for it to work as intended.
All dependencies for the software were installed prior to the build process. The main
branch of Volk (commit: f0eb99e) was downloaded, built and installed, followed
by v3.9.4.0 of GNU Radio. Finally, the main branch of GPS-SDR-SIM (commit
366d4c4) was then downloaded and built.
To be able to generate a signal file with the software, the latest updated GPS
broadcast ephemeris file was needed. Files with the updated ephemeris data are
available at NASA’s website [77]. A GPS signal file could then be generated with a
static or dynamic position. Since a USRP device was used, the sample rate was to
be specified to 2500000 (2.5 MSPS) and the I/Q data format was to be specified to
8 bits.
The coordinates for a static location close to the development site in Gothenburg
(Sweden) were then used when generating the signal file. This location was chosen
to keep the simulation realistic and comparable to that of testing with an antenna.
An alternative file was also created for a location in Uganda with better satellite
placements.
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A bash script for starting the signal transmission was created to always start with
the correct input parameters, which are the sample rate and I/Q data format. These
values would match the values specified when generating the signal file. The serial
number for the SDR dedicated for the GPS testing was also included as a device
argument to ensure that the correct SDR was used to transmit the signal.

4.2 Test Implementation
A set of bash scripts was created to automate the execution and configuration of
srsRAN and GPS-SDR-SIM for the testing process.

Since several applications ran in parallel, GNU Screen was used as a terminal mul-
tiplexer for running the software and test scripts in. GNU Screen was configured
to output a log file with timestamps, which was updated every second. It was also
used to establish a serial connection with the modem for both an AT terminal and
an NMEA log.

For both the LTE and GPS test, the scripts were implemented to generate a direc-
tory named with the date. In the directory, a subdirectory for each test was then
generated to store the log files, which could be used for later analysis.

4.2.1 LTE Test Implementation
The bash script executing the test for LTE is shown in Fig. 4.1 where a flowchart
for the overall process of the test is presented. First, a timer starts so that if the
test would take too much time, it would be considered a fail and then be aborted.
Then the AT terminal is set up so that AT commands can be transmitted to the
modem in order to be able to extract response information from it. Afterwards,
the EPC starts as a background process. This is done simultaneously as a timer
is instantiated so that the time for important events can be reported. After a one-
second delay, the eNodeB is initialized in the same way. This delay was introduced
in order to give the EPC time to start, as the eNodeB can’t successfully connect to
the EPC otherwise.

After the eNodeB has started, the output log file for the eNodeB is probed every
second to check if the eNodeB is ready to transmit or not. This is the “Read eNodeB
status” process in Fig. 4.1. If the eNodeB isn’t ready, it will perform another check
after one second. When it is ready, it will print out the time it took to start
transmit through the eNodeB as well as to keep moving forward with the check for
the downlink.

The next step in the test is the downlink check that is performed every second until
an available network is found. This step is the process “Read available networks”.
This check consists of sending AT commands to the modem and probing the output
log files for the correct network.

After an available network is found, the test proceeds to check if the modem is
registered to the network. The registration check is performed every 0.5 s with an
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Figure 4.1: Flowchart of the implemented LTE test.

AT command that checks if the registration of the network has completed. This
corresponds to the process “Read network registration”.
After a successful registration, the received signal strength and the reported network
name is read in the AT terminal and then saved to the results file. Before the signal
strength is read from the log file, a delay of 10 s is introduced since the signal strength
in the modem takes a while to stabilize. The test is then considered complete and
the background processes and the AT terminal are closed down.
After a test has completed, the time for the test, the time for eNodeB to get ready,
the time for the downlink to be detected, the time for the uplink to be established,
signal strength, and if the test was a success or fail, were written out to a results
file in the folder for the specific date.

4.2.2 GPS Test Implementation
The function of the bash script implemented for the GPS test can be seen in Fig. 4.2.
The script starts with introducing a timer and setting a 180 s timeout delay to stop
the script and report a failed test if it has not completed within this time. A terminal
with the NMEA log is opened to read information of the satellites the modem detects
and the data decoded from the GPS signal. Then the GPS signal transmission is
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started and the status of GPS-SDR-SIM is continuously checked until the SDR has
started to transmit the GPS signal. The startup time for the transmission is a few
seconds and the time is noted for each test.
When the SDR is transmitting, the NMEA log is used to read the detected satellites
and to see if a position has been calculated. When a position has been calculated,
the elapsed time is noted and the test is considered complete. The script ends with
closing the NMEA terminal and ending the GPS signal transmission. Then the time
of the events, the detected satellites, and the test parameters are written out to a
results file in the folder for the specific date.

Start Start NMEA log

Transmitt GPS signal

Position
calculated?

Read position

Read visible satellites

Delay
1s

Yes Print results
Close NMEA log


End signal transmission
Stop

No

Start Timeout

180 seconds

Is the GPS
transmitting?Read GPS-SDR-SIM status

Delay
1s

Yes

No

Delay
180s

Figure 4.2: Flowchart of the implemented GPS test.

4.3 Hardware Assembly
The components of the testbed were connected together as illustrated in Fig. 4.3
where all individual hardware components are included. A list with all component
names can be found in Appendix A. The total cost was approximately 22,000 SEK,
and the price of the individual components is included in the list.
Instead of connecting the USB cables from the SDRs directly to the Rock Pi, they are
connected through a powered USB 3.0 hub. This is because each of the B205mini-
i devices draw a maximum of 4.5 W (0.9 A on 5 V) which is more than the power
supply of the Rock Pi can deliver [78]. An alternative to using a USB hub is investing
in a power supply which supplies enough power for the Rock Pi and the SDRs.
The main components of the testbed were mounted together as a stack with distance
bolts to reduce the desk footprint. The SDRs were mounted at the bottom of the
stack, with the power divider/combiner above them. On top of the stack is the
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Figure 4.3: Block diagram of all the assembled components in the testbed including
the modem used for testing.

Rock Pi with the GPIO pins mounted upwards for easier accessibility. The Rock
Pi was mounted using long bolts to not restrict the cooling of the heat sink. To
assemble the stack in this way, a mounting bracket was designed and 3D-printed.
The designed bracket can be seen in Fig. 4.4.

Figure 4.4: Mounting bracket for matching holes of the stacked components.

The final implementation of the testbed with all components is shown in Fig. 4.5
and the testbed connected to the Quectel evaluation board, can be seen in Fig. 4.6.
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Figure 4.5: Final testbed implementation.

Figure 4.6: Final testbed implementation with the modem used for testing.
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5
System Testing and Results

In this chapter, the tests performed on the implementation are presented along with
the results of these tests. The tests focus on connection time, stability, and reliability
to determine if the implementation is suitable for a production environment. The
hardware was assembled as presented in Fig. 4.3 for all the tests that do not state
otherwise. A Tektronix MDO3104 oscilloscope, with an MDO3SA upgrade, was used
to measure signal power and observe the characteristics of the transmitted signals.
During the testing process, the behavior of the system as a whole was studied. There
were no crashes of either the OS or any of the software programs, and there were
also no observed thermal issues.

5.1 General Function Testing
The initial tests were performed to verify that the core functions of the testbed
functioned as intended with the hardware and software. The function tests were
performed to verify that the B205mini-i, together with srsRAN and GPS-SDR-
SIM, was able to transmit an LTE and a GPS signal which the Quectel EG25-G
modem treats as an official signal. Another test was performed to verify that the
Rock Pi 4B is able to run the tasks in parallel since it is how the testbed is intended
to operate. In addition to this, the frequency stability of the SDR was investigated
since it is known from the investigation to potentially cause issues.

5.1.1 Initial LTE Function Test
For LTE, the initial function test was performed by starting the EPC and the eN-
odeB, then using AT commands to extract the information of the recognized net-
works. The modem was configured to only search for networks in band 5 which is
the band used by the eNodeB. After a short delay, a network in band 5 was rec-
ognized. The reported network name confirmed that it indeed was the network of
the testbed. The reported signal strength was also feasible compared to the set gain
value together with the hardware attenuation. After inserting the SIM card, with
information added to the HSS, both the eNodeB and the EPC showed activity and
the modem reported that it had connected to the network.
During the test, there were no reports of missed samples by the SDR. This initial
test confirmed that the USRP B205mini-i SDR along with the software srsRAN
can be used to transmit an LTE signal, which the Quectel EG25-G modem handles
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correctly. It can also receive the signal from the modem correctly and register the
modem to the network.

5.1.2 Initial GPS Function Test
For GPS, the initial function test was performed with a hardware attenuation of
60 dB instead of 90 dB to ensure that the signal strength was sufficient. After starting
the transmission of the GPS signal with a gain of 30, the NMEA log started reporting
that there were detected satellites. All the reported IDs matched the IDs of the
simulated satellites in the generated GPS signal file. Eventually, the degrees of
elevation and azimuth were reported, and a position was calculated with coordinates
that matches the coordinates used when generating the GPS signal file.
During the test, there were no reports of missed samples by the SDR. This test
confirmed that the USRP B205mini-i SDR along with the software GPS-SDR-SIM
can be used to transmit a GPS signal in which the Quectel EG25-G modem can
calculate a position from.

5.1.3 CPU Usage and USB Data Rate Test
Another test was performed with both software programs running in parallel without
issues, and the modem reported similar results as the initial LTE and GPS function
tests. During this test, the Htop command was used to monitor the CPU usage,
which is presented in Table 5.1.

Table 5.1: CPU usage of the software programs.

Application Idle GPS-SDR-SIM srsENB srsEPC
CPU usage

[% of single core] 0.7 – 1.3 20 – 28 50 – 60 3 – 6

The CPU usage for both GPS-SDR-SIM and srsENB is distributed over multiple
cores. This resulted in approximately 10 − 25 % usage on five of the six CPU cores
and a low usage on the last core. Combining the numbers for the cores, the total
usage was approximately 20 % of the available CPU resources.
During this test, there were no missed samples reported by any of the SDRs. These
observations indicated that the Rock Pi 4B has sufficient CPU resources to run
both the software in parallel and that the internal USB bus can handle the data
transmission to the SDRs.

5.1.4 Frequency Stability Test
The frequency stability of the SDR was investigated since the B205mini-i did not
meet the set requirement as described in Section 3.4.4. During the test, a single fre-
quency component at 1575 MHz was transmitted by one of the SDRs and inspected
with the oscilloscope with 60 dB attenuation.
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At first the test ran for 20 minutes without interruption and the frequency remained
stable with only a slightly jagged line in the waterfall diagram. Then airflow was
added directly at the SDR board for approximately 5 minutes, which caused a
significant frequency drift as can be seen in Fig. 5.1. The airflow was then removed
and the frequency drifted back to the initial location. The markers were used to
approximate the drift to 0.5 ppm.

Figure 5.1: Temperature impact on frequency stability and the transmitted signal.

5.2 LTE Implementation Testing
The following tests were performed to investigate how long the connection times
were and how stable the connection was. The testing was performed by repeatedly
connecting and disconnecting the modem to the LTE network of the testbed and
logging the results. In these tests, the presented times for the uplink and downlink
are measured from when the transmission starts, which is approximately 5 s from
when all tests start.
Tests were also performed to investigate if the communication is comparable to a
real world scenario. To investigate this, the signal power was analyzed as well as
the signal appearance.

5.2.1 Connection Time Testing
The test script mentioned in Section 4.2.1 was altered so that automated testing
could be performed. Between each test, a delay of one minute was introduced for
the modem to completely lose the previous connection. In the first test, the gain was
swept over the interval 20-80 and the resulting uplink times are shown in Fig. 5.2.
All the tests with a gain less than 35 resulted in a failed test and were therefore
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discarded. This revealed the least required signal strength necessary for the modem
to be able to detect the network and connect to it.
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Figure 5.2: Uplink time for gains 35 to 80 with 100 data points per gain setting.

In Fig. 5.2, a stable level can be seen for the uplink times around 4.5 s, with only
a few outliers. One deviation can be seen for gain 35 where the time for detecting
the downlink has a mean time that is more than twice as long as the other gain
values. Gain 35 also failed to detect the downlink four times and failed to establish
an uplink three other times. Another deviation is that there is a set of outliers close
to the stable level for gains 59 to 68 which are caused by a delay in the downlink
detection.
For gain 36 and above, an uplink was successfully established every time and the
mean values for the downlink are between 3.1 s and 3.3 s. The mean value for the
uplink is between 4.2 s and 4.7 s. For gain 35 the downlink and uplink mean times
are 7.5 s and 9.2 s respectively.
Another test with gain values of 75 to 80 was performed in order to collect more
data points with a signal power comparable to a realistic scenario. This was because
the highest gain value of 80 reported a CSQ value lower than the maximum in the
previous test. A CSQ value is what the modem uses to report the signal strength
and is further explained in Section 5.2.3. In this test, a total of 230 data points were
collected for each gain value. The results are presented in Table 5.2 and shows a
stable behavior with an uplink establishment at 4 s or 5 s with a few outliers at 13 s
or 14 s . The two distinct levels for both of the cases are consequences of using a
time resolution of 1 s.
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Table 5.2: Uplink Times for gains 75 to 80 with 230 data points each.

Uplink Time [s]
Gain 4 5 13 14

75 181 (79%) 43 (19%) 3 (1%) 3 (1%)
76 187 (81%) 39 (17%) 0 (0%) 4 (2%)
77 170 (74%) 53 (23%) 5 (2%) 2 (1%)
78 178 (77%) 46 (20%) 4 (2%) 2 (1%)
79 179 (78%) 44 (19%) 3 (1%) 4 (2%)
80 179 (78%) 46 (20%) 2 (1%) 3 (1%)

A final test was performed for a gain value of 80 where 2800 data points were
gathered. This was done to get an accurate mean value and percentage for the
occurrences of outliers. The results can be seen in Table 5.3. The mean times for
the downlink and uplink are 3.1 s and 4.4 s respectively. Out of the 2800 connections
were 55 above 5 s which corresponds to 1.96 %.

Table 5.3: Uplink Times for gain 80 with 2800 data points.

Uplink Time [s] 4 5 13 14
Occurrences 2155 (77%) 590 (21%) 38 (1.4%) 17 (0.6%)

5.2.2 LTE Signal Power Analysis
The signal characteristics of the transmitted LTE signal were studied with the oscil-
loscope. Measurements with a change in gain were performed, leaving the amount
of allocated RB constant. A measurement with 80 gain using 6 RB (1.4 MHz band-
width) in middle block of LTE band 5 was conducted. The EPC and the eNodeB
were both started and when the eNodeB started to transmit, the signal was ob-
servable on the oscilloscope. The center frequency of the signal was 881.5 MHz and
the bandwidth was slightly less than 1.4 MHz, as can be seen in Fig. 5.3. These
settings resulted in a signal level at −73 dBm which is less than what a wireless
communication with an official signal could result in.

5.2.3 Signal Power Stability Analysis
For the tests mentioned in Section 5.2.1, the reported signal power was analyzed
and showed a stable behavior for gain 45 and above. The results of the test are
shown in Fig. 5.4. It can be seen that the signal strength did not rise proportionally
between gain levels 35 to 45.
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Figure 5.3: Measurement of signal level using the oscilloscope at 80 gain using 6
RBs.

For gain values between 35 and 42, the mean CSQ value varies between 2.8 and 3.0.
However, at gain 45 it starts to increase proportional to the increase in gain, with a
mean value of 5 CSQ for gain 45 to 21.9 CSQ for gain 80. By using Eq. 5.1 where
x is the CSQ value, 2.8 CSQ corresponds to a signal power of −107.4 dBm and 21.9
CSQ corresponds to −69.2 dBm.
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Figure 5.4: Reported signal power for gains 35 to 80 with 100 data points per gain
setting.
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f(x) = 2 · x − 113 [dBm] (5.1)

The data from the second test, with more data points for each gain value, was used
to investigate the variation percentage. The used gain values were 75 to 80 and 230
data points were collected for each gain value. As previously explained, the range of
75 to 80 was chosen since they are in the top of the gain range and are comparable
to a realistic scenario. The occurrences for the CSQ values are shown in Table 5.4
and shows a variation of 4 CSQ. Between 4 and 6 percent of the outcomes were not
the highest CSQ value reported for that gain.

Table 5.4: Uplink CSQ Occurrences for gains 75 to 80 with 230 data points each.

CSQ
Gain 17 18 19 20 21 22

75 5 (2%) 6 (3%) 2 (1%) 217 (94%) 0 0
76 3 (1%) 6 (3%) 0 (%) 221 (96%) 0 0
77 0 6 (3%) 5 (2%) 3 (1%) 216 (94%) 0
78 0 3 (1%) 4 (2%) 0 223 (97%) 0
79 0 0 5 (2%) 8 (3%) 2 (1%) 215 (93%)
80 0 0 4 (2%) 4 (2%) 0 222 (97%)

Analysis of the final test, with a gain value of 80 with 2800 data points, resulted in
a mean CSQ value of 21.9. The occurrences for the CSQs are shown in Table. 5.5.
The resulting outcome shows similar percentages as in the previous test for gain
value 80. Out of the 55 outcomes with a CSQ lower than the maximum value for
that gain did 42 correlate with an outlying uplink time.

Table 5.5: Uplink CSQ Occurrences for gains 75 to 80 with 230 data points each.

CSQ 17 18 19 20 21 22
Occurrences 0 0 33 (1%) 87 (3%) 0 2680 (96%)

The test with gains from 75 to 80 was performed again with only the downlink to
investigate if the signal activity of connecting a UE affected the CSQ. The SIM card
was therefore removed from the modem to only test the downlink and not the uplink
The used gain values were again 75 to 80 and 150 data points were collected for each
gain value. The results showed that all the CSQ values matched the highest value
expected for that gain.

5.2.4 LTE Test with Power Cycle
A test was performed with a manual power cycle of the modem between each connec-
tion. This was done to investigate if the delay of one minute between the connections
was enough for the modem to completely disconnect from the testbed. A gain value
of 80 was used, and 30 data points were collected. The resulting times and be-
havior completely matched the previous test with 80 gain. In the 30 connections,
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one outlier appeared, which roughly matches the ratio for outliers in the previous
connection tests.

5.2.5 LTE Test with PLS8 Modem
The final test of the LTE implementation was performed with another modem, which
was the PLS8-E. For this test, the testbed had to be reconfigured to operate in LTE
band 8 instead of band 5 as in previous tests. This was because the modem did
only support bands used in Europe. The used gain value was 80 and a total of 10
data points were collected. The resulting uplink times can be seen in Table 5.6 and
ranged from 3 s to 35 s with a mean value of 16.9 s.

Table 5.6: Uplink times with PLS8-E modem

Test Nr. 1 2 3 4 5 6 7 8 9 10
Uplink [s] 35 13 3 3 3 34 8 17 28 25

5.3 GPS Implementation Testing
To investigate how the GPS test implementation in the testbed performs, a set of
tests was performed to analyze how long it takes to establish a position and if the
transmitted signal is comparable to a wireless GPS transmission, in terms of signal
power. The time-to-first-fix (TTFF), which is how long it takes for the modem
to calculate a position from the signal, is measured from when the signal starts
transmitting. The startup time for the SDR is approximately 5 s and is the same
for all tests.

5.3.1 Time-To-First-Fix (TTFF) Testing
To test the TTFF and the stability of the GPS test implementation, an automated
testing script was created to run the GPS test script described in Section 4.2.2
repeatedly with different configurations. The original test script also needed to be
modified for the repeated testing since the stored GPS data in the modem needs to
be cleared between each test. By clearing the GPS data, the modem is forced to do
a cold start, which makes the testing conditions equal for all the tests. The modem
is cleared by starting an AT terminal and sending AT commands to the modem
before the GPS signal transmission is started. The script reads the AT log as well
as the NMEA log to confirm that the GPS data is correctly cleared and that there
is no stored satellite information from the previous test.
A test with gain setting ranging from 55 to 75 with 100 data points each was
performed using the alternative GPS signal file with optimal satellite placements.
The outcome of this test can be seen in Fig. 5.5. The lower gain setting of 55 was
chosen since it was the lowest gain that connected reliably. With a gain value of 54
did approximately 10 % of the tests connect in 180 seconds.
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Figure 5.5: Time-To-First-Fix for gains 55 to 75 with 100 data points per gain
setting.

As can be seen in Fig. 5.5, the time required for the modem to calculate a position
from the GPS signal is affected by the gain value for the lower gain values, but not
so much for the higher ones. The mean time is affected exponentially by the signal
power, and remains close to constant for gain 60 and higher. It can also be seen
that there are a number of outliers for most of the gain settings, which can be seen
together with the mean TTFF in Table 5.7. The NMEA logs of the outliers show
that the modem resets the satellites in view and restarts the calculations, causing
the increase in time.

Table 5.7: Test results for gains 55 to 75 with 100 data points per gain setting.

Gain 55 56 57 58 59 60 61 62 63 64 65
Mean TTFF [s] 78 66 58 52 55 46 45 47 42 44 45
Above 90s 18 8 5 2 9 1 1 5 0 1 4
Not connected
in 180s 10 - 1 - - 2 - - - - -

Gain 66 67 68 69 70 71 72 73 74 75
Mean TTFF [s] 42 42 42 45 44 41 44 41 43 46
Above 90s 1 1 1 4 4 0 4 0 3 5
Not connected
in 180s - - - - - - - 2 - - -
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To get an accurate mean value and percentage of the times above the set time limit,
a test with a single gain with more data points was performed. The gain value of
60 was chosen since it is the lowest gain value where the TTFF does not depend on
the gain value. The outcome of this test with 2600 runs can be seen in Fig. 5.6.
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Figure 5.6: Time-To-First-Fix for gain 60 with 2600 data points.

This test with 2600 connections resulted in a mean TTFF of 45.2 s. During the test
did 28 connections take more than 53 s. Of these were 25 above 90 s and one did not
connect in 180 s. This means that in 98.9% of these cases, the modem did calculate
a position in 53 s or less.

5.3.2 GPS Signal Power Analysis
To determine if the transmitted GPS signal is comparable with a real signal, the
power of the transmitted GPS signal was analyzed. Since the power of public wireless
GPS signals are below the noise floor, they can not be inspected with an oscilloscope.
There is also no function in the modem to report the signal power, so the transmitted
signal power can only be compared to the theoretical value.
To measure the power of the transmitted signal of the testbed, only 30 dB of at-
tenuation was used when connecting the GPS test SDR to the oscilloscope. When
transmitting with a gain of 60 the reported power was −42 dBm as can be seen in
Fig. 5.7.
With an attenuation of 90 dB, which was used for testing the modem, the resulting
power level would be approximately −102 dBm. This is 23 dB higher than the signal
power of the official GPS signals with −125 dBm, as mentioned in Section 3.5.2. The
measured signal power is therefore not comparable to what a passive antenna would
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Figure 5.7: GPS signal power with 60 gain and 30dB attenuation.

deliver to the modem, but it is in the range of what an active antenna would. It is
not uncommon for active antennas to amplify the signal with up to 28 dB [79].

5.3.3 GPS Test with Power Cycle
To investigate if testing a forced cold start is comparable to that of testing a freshly
configured modem, a test was performed with manual power cycles of the modem
between tests. The gain value was 60 as in previous tests and 10 data points were
collected. The resulting TTFF was higher than for previous tests, ranging from 83 s
to 142 s with a mean value of 113.6 s.

5.3.4 GPS Test with PLS8 Modem
The final test of the GPS implementation was performed with another modem,
which was the PLS8-E. The test was also performed with a gain value of 60 and 10
data points were collected. The tests were manually performed due to the change
of interface between the modems. The result is shown in Table 5.8 and the TTFF
ranged from 72 s to 105 s, with a mean value of 90.6 s.

Table 5.8: TTFF with PLS8-E modem.

Test Nr. 1 2 3 4 5 6 7 8 9 10
TTFF [s] 75 72 98 101 97 97 77 103 81 105
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6
Discussion

This chapter covers the discussion about choices made in the implementation, as well
as the results of the testing performed on the testbed. There is also a discussion
about the ethical aspects and some general thoughts about the work done.

6.1 Hardware Choices

Most of the design choices in Chapter 3 were made with cost efficiency as motivation.
However, the choice of using two SDRs for running the tests in parallel was not.
The implementation can be done with only one SDR, which would greatly reduce
the total cost. This would increase the time required for testing, which is highly
undesirable for a production environment. Another possibility of reducing the cost
is to implement the GPS testing with a cheaper SDR, since it does not require
USB 3.0. The main reason why we decided to use the same type of SDR for both
implementations was because of the flexibility. If any of the test implementations
wouldn’t work or be too unstable, the SDR could be repurposed to perform the
other test.

Another hardware choice was to include a DC blocker in the RF path for the LTE
test even if there is no DC component for the LTE antenna. This was a safety
feature so that if the operator of the testbed would connect the cable to the GNSS
antenna port by mistake, the SDR wouldn’t risk being damaged.

The power calibration feature, which was one of the reasons why an Ettus USRP
SDR was chosen, was not utilized in the implementation. The reason for this was
because the maximum transmitted signal power (which is determined by the gain
value) does greatly affect the signal power, but it can not alone be used to predict
the received power by the DUT. This was discovered in Section 5.2.3 where the
reported signal power by the modem varied when an uplink was connected, which
is discussed further in Section 6.3. The power calibration feature is still considered
important for later implementation, since accurate testing of the received power
could be important for the operator of the testbed. If it is not considered important,
the use of a BladeRF SDR could be a possible alternative for reducing the total cost.
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6.2 Test Implementation
The tests were implemented as bash scripts with a default configuration, which
makes the testbed easy to use for the operator. For default configuration testing,
the operator is only required to connect the USB and RF cables to the correct ports
in the DUT and simply run the script. This is considered to fulfill the requirement
of being easy to use by the operator, which was specified in Section 3.1.3. Both
the hardware and software in the testbed are considered easy to maintain since it
is easy to take apart and replace the hardware and the open source software allows
for further development.
When the tests were implemented, a time resolution of one second was used for
noting events. This is quite long considering that the LTE uplink times are generally
less than 10 seconds as presented in Section 5.2.1. This resolution was however
considered enough, and a higher resolution would be more resource intensive on the
CPU. An increase in resolution would perhaps provide a bit more interesting data
but would not improve the performance of the testbed, but only risk lowering it by
increasing the CPU usage.

6.3 LTE Implementation Testing
The test results presented in Section 5.2 indicate that the LTE implementation in
the testbed can reliably produce a signal which the modem can identify and connect
to. This can be claimed because more than 8000 connections were presented with a
gain value of 36 and above and none of these had an uplink time longer than 14 s.
When using gain 35 could the modem often identify the network, but not always,
due to the low signal power. This gain value could therefore be used to test a worst-
case scenario in terms of signal power for the Quectel EG25-G modem. However, for
simple functional verification of the modem, there is no reason to use a gain value
less than 80, since the signal produced is comparable to a realistic signal, as was
established from the results presented in Section 5.2.2.
The time it took for the modem to identify the downlink had a mean time between
4.2 s and 4.7 s for the gain values 36 to 80 and 9.2 s for gain 35. These results were
actually an improvement compared to the earlier tests we performed. An important
discovery was made which indicate that if we configure the modem to check for
networks only in a specific frequency band, the downlink detection time is lower.
This most likely has to do with the processing of data in the modem.
The testing of the signal strength and the uplink times followed a stable behavior
throughout the tests, even though there were some variation. However, at the gain
levels 35 to 45 the reported signal strength did not rise proportionally to the gain
value. This is most likely due to the fact that the transmitted signal is in proximity
to the noise floor.
The reason for the variation of the signal strength, presented in Section 5.2.3, is
probably due to the signal activity as indicated by the results for the downlink-only
test. The synchronization signal sent out in the downlink for UEs to detect probably
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vary compared to the transmitted signal after a UE has been connected. Since there
is variation in the reported signal strength, the “reference value”, which the reported
value is compared to, is forced to be a range of 4 CSQ with the maximum value
defined by the chosen gain. This range is predictable for the higher gain values, which
is where the testbed should operate at for normal testing as previously mentioned.
This is one of the reasons why the power calibration feature, discussed in Section 6.1,
was considered less important than previously thought.
When looking at the results of the tests with a gain value of 75 to 80, the difference
in time between the stable level and the outliers is always 9 s. A reason for this
could be that if the uplink fails to be established, the modem might use a back-off
duration before it attempts to establish a new one. Unfortunately, we found no way
to confirm this or any way to reconfigure the modem to improve this delay.
Most of the tests with an outlying uplink time also had an outlying CSQ value.
This indicates that there could be some activity in the modem which causes this
outcome, or the problem might be located in the srsRAN software. If the problem
is located in srsRAN, testing with another modem should show similar behavior.
The test performed with power cycling the modem between each connection indicates
that the results from the other tests are comparable to testing a fresh modem.
Therefore, similar times as presented in Section 5.2.3 could be expected when testing
a Quectel EG25-G. The test performed with the PLS8-E modem indicates that
different connection times are to be expected for different modems. However, the
result for the PLS8-E test could also be affected by the change of frequency band
from 5 to 8. This is because the official LTE signals possibly interferes with the
transmitted signal from the testbed. All the tests successfully connected anyway,
but depending on the tested modem and the used LTE band, this could potentially
affect the connection times.

6.4 GPS Implementation Testing
In the results from the stability testing of the GPS implementation, we can see that
there are some outliers, which take up to four times longer than the mean time.
There are fewer outliers for the gains 60 and above than for the lower gains, but
in the higher range it is seemingly unrelated to the gain value (signal power). This
indicates that there are some stability issues somewhere in the setup. It may be
located in the modem, but we deem it most likely to be caused by the frequency
stability, since the logs showed that the modem did restart the position calculations.
As testing on the frequency stability showed that the airflow caused a frequency drift,
people moving in proximity to the testbed may affect the performance of it. This
could explain why there are no outliers for almost 1000 runs in the single gain test
in Fig. 5.6 if there was no or low activity in the office at that day. To improve this
uncertainty, one could use a reference clock or to shield the testbed.
The results from the 2800 data points with gain value 60 showed that there was ap-
proximately one percent of the tests that differed from the otherwise tight grouping.
This is considered stable enough for a small-scale production environment. How-
ever, since the power analysis showed that the signal is not comparable to an official
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signal using a passive antenna, it can not be used to test the worst-case scenario
in terms of signal power. It is however comparable to a realistic scenario where an
active antenna is used, so the testbed can still be used for function verification of
the GNSS engine with a realistic scenario.
Also, the tests performed with the power cycling of the modem indicate that the
TTFF from a forced cold start might not be directly comparable to the TTFF
for a freshly configured modem. However, since testing with the PLS8-E modem
showed that the TTFF depends on which modem is tested, the exact times are not
as interesting as the general behavior.

6.5 Ethical Aspects
There is a low to no risk that faulty devices passes through the implemented test
since a malfunction in the testbed would result in no signal or an incorrect one
received by the modem. An incorrect signal is identified by the network name check
for the LTE and the simulated satellite IDs for the GPS, as described in Section 3.1.1
and 3.1.2. This keeps the risks low that a unit with a malfunctioning cellular modem
would be shipped out to a customer.
If the test system malfunctions or is not used as intended, there is a risk that fully-
functioning devices fails the test, are mistaken as defect and risk being thrown away.
This could happen if the operator connects the wrong RF cable from the testbed
to the wrong antenna port in the modem. This needs to be kept in mind by those
operating the system. If a device fails the test, the connected cables should be
checked and the device should be re-tested at least once to ensure that it is indeed
a faulty device before it is rejected.
The software in this testbed implementation is mostly open source projects and the
licenses allows commercial use. However, we encourage anyone who might use it
commercially, to contribute to the software or support the creators financially.
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Conclusion

We have shown how a testbed for LTE and GPS in a cellular modem could be
implemented in an affordable way. The proposed solution consisted of using an
USRP B205mini-i SDRs together with open-source software srsRAN and GPS-
SDR-SIM running on a Rock Pi 4B. The solution was implemented and testing
done on the system indicated that it is feasible to use SDR technology for verifying
LTE and GPS functionality.
The LTE test implemented with srsRAN is considered fast and stable enough to be
suitable for a production environment, and investigation showed that the signal is
indeed comparable to an official signal.
The GPS test implemented with GPS-SDR-SIM is considered stable, but could use
more work before it is deemed fully suitable for a real production environment.
The testbed can transmit a GPS signal which the modem reliably can calculate a
position from, but since the signal strength is not low enough, it can not simulate
a realistic scenario with a passive antenna. It is however comparable to what an
active antenna would result in, so the GPS test can be used for realistic function
testing but not the worst-case scenario.

7.1 Answers to the Research Questions
The research questions introduced in Section 1.1 are answered and presented below.

• Is a field-programmable gate array (FPGA) with a radio frequency
(RF) peripheral or a software defined radio (SDR) with a general-
purpose processor (GPP) best suited as a platform for the imple-
mentation of the test system in the terms of cost, reliability, and
flexibility?
The investigation done in Chapter 3 indicated that SDR is considered most
suited for this task in terms of cost and flexibility. The result of the tests
presented in Chapter 5 also indicates that it is reliable enough for this task.

• How can academic research on LTE implementations on the chosen
platform be applied for this industrial application?
Previous academic research was used as a primary way to determine which
platform to choose in Chapter 3. By relying on previous research done on
SDRs and srsRAN the solution was chosen even if the frequency stability of
the SDR was suspected to be insufficient.
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• How can a test system be implemented to verify the functionality of
a built-in cellular modem without the presence of a public downlink
signal?
The investigation presented in Chapter 3 concluded that the solution with an
SDR together with srsRAN and GPS-SDR-SIM running on a GPP can be
used for this task with relatively short development time.

• How does a hardware implementation on the chosen platform meet
the test requirements that we will identify, and is it suitable for use
in a production environment?
The identified requirements were stated in Section 3.1 and the results presented
in Chapter 5 shows that the hardware implementation fulfills most of the
requirements. The only requirement which was not fulfilled by the testbed
was that the signal strength of the GPS signal is not low enough. The LTE
test is deemed suitable for a production environment, but the GPS test could
use more work to be considered suitable.

7.2 Recommended Future Work
We recommend that a reference clock with a frequency accuracy within the specifi-
cations for GPS are included in the testbed. The reason for this is to investigate if
it would become more stable and if it allows for lower signal power to be used.
Another future work could be to compare performance with other software for the
LTE and GPS implementations, as well as tests with other SDRs and modems.
Especially, it would be interesting to test with a LimeSDR when they are available,
since it could reduce the hardware cost of the testbed.
It could also be interesting to test the GPS implementation with another SDR since
it does not require USB 3.0 as the LTE implementation does.
A final recommendation is to build a sturdy encapsulation of the testbed if it is to
be used in an actual production environment.
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