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ABSTRACT

A framework for unmanned aerial vehicle (UAV) navigation using downlink cellular fifth-generation (5G) signals
is presented. In the proposed framework, a software-defined receiver (SDR) is developed to extract carrier phase
measurements from received 5G signals. The SDR utilizes the time-domain orthogonality of the orthogonal frequency
division multiplexing (OFDM)-based 5G signals. A so-called ultimate synchronization signal (USS) to combine all
available resources is proposed. The proposed 5G SDR includes two stages: (i) acquisition stage, in which only unique
USS resources are utilized to detect the hearable gNBs and (ii) tracking stage, in which the entire USS is utilized to
produce 5G carrier phase measurements. These measurements are processed in an extended Kalman filter (EKF) to
assess the navigation performance of the proposed 5G opportunistic SDR. Experimental results are presented of an
UAV navigating with the proposed 5G SDR, while receiving signals from four 5G base stations (known as gNBs).
It is shown that over a trajectory of 500 m traversed in 145 seconds, the position root mean-squared error (RMSE)
was 3.35 m.

I. INTRODUCTION

The dramatic growth in the unmanned aerial vehicle (UAV) industry and their public adoption is propelling re-
searchers and designers to develop integrated navigation systems that ensure continuous, trusted operation. Towards
this end, one could diversify the navigation sources, either by introducing (a) complementary sensors (e.g., inertial
measurement units (IMUs) [1, 2], cameras [3, 4], lidar [5, 6], etc.) and/or (b) complementary signal-based navigation
signals (e.g., WiFi [7, 8], UWB [9, 10], cellular [11–15], low Earth orbit (LEO) satellites [16, 17], etc.). The focus of
this paper is to develop a navigation system that exploit 5G cellular signals.

Recent research has considered the use of cellular signals as complementary and alternative navigation system GNSS
signals. Code-division multiple access (CDMA) and long-term evolution (LTE), have shown high ranging and lo-
calization accuracy using specialized software-defined receivers (SDR) [18–20]. The performance of these SDRs
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have been evaluated in different navigation frameworks (standalone, differential, and integrated with other sensors),
both indoors and outdoors, where experimental results demonstrated meter-level accuracy positioning accuracy on
ground-based receivers [21–24] and sub-meter-level positioning accuracy on aerial vehicle-based receivers [25, 26].

Unconventionally, 5G will be the first cellular system to coexist with the previous system (namely, LTE). Similar to
LTE, 5G deploys a structure that uses orthogonal frequency division multiplexing (OFDM) for downlink transmission.
The 5G system is very attractive by design for navigation purposes due to:

• High carrier frequencies: High carrier frequencies yield precise carrier phase navigation observables and reduce
multipath effects due to high path signal loss.
• Abundance: 5G tackles the problem of high signal path loss of millimeter waves (mmWaves) by using beamforming
techniques and small cells, which makes the 5G base stations (also known as gNodeBs (gNB)) ubiquitous.
• Geometric diversity: Cellular towers have favorable geometry by construction of the cells to provide better coverage.
• Large bandwidth: While a single LTE signal has a bandwidth up to 20 MHz, a single 5G signal has a bandwidth up
to 400 MHz for mmWave band, which makes it less susceptible to multipath errors, i.e., it can differentiate multipath
components with shorter delays from the line-of-sight (LOS) signal.
• High received power: The received carrier-to-noise-ratio C/N0 of cellular signals from nearby cellular towers is
more than 20 dB-Hz higher than GPS signals [27].

The positioning capabilities of 5G has been studied over the past few years. Different approaches have been proposed,
in which direction-of-arrival (DOA), direction-of-departure (DOD), time-of-arrival (TOA), or combination of them is
used to achieve accurate positioning from 5G signals. In [28], the authors investigated the positioning performance of
six different 5G impulse radio waveforms, where 5G had no generally accepted waveform at the time. The performance
analysis showed the capability of mmWaves in achieving sub-meter level accuracy, where the best performance was
achieved when using Gaussian raised-cosine, Gaussian pulse, and Sinc-RCP impulse radio waveforms. The capability
of massive multiple-input-multiple-output (mMIMO) systems in providing very accurate localization when relying on
DOA was studied in [29]. The paper addressed the limitation of DOA in mMIMO systems in the presence of multipath
by proposing a compressed sensing navigation framework which relied on the channel properties to distinguish LOS
from multipath components. The proposed algorithm showed sub-meter accuracy in simulation. Another approach
to reduce 5G small cell interference and multipath effect in angular localization methods by combining near-field
and far-field effects was proposed in [30]. Simulation results showed that the proposed approach improved the
angular resolution by orders of magnitude. In [31], a GNSS/5G integrated positioning framework was developed,
in which device-to-device (D2D) range and angle measurements are assumed between mobile terminals (MTs). An
experiment was performed with real GNSS data and emulated 5G D2D data, in which the integrated system reduced
the GNSS position root mean-squared error (RMSE) from around 5 m to 3 m assuming 10 MTs. A similar study was
conducted in [32], where the performance of different hybrid navigation filters exploiting GPS, Galileo and 5G TOA
measurements in multipath environment was assessed. The hybrid GNSS/5G was studied for different type of filters
with a specific design of the assumed Gaussian errors. Simulation results showed an accuracy of less than 2 m for
the hybrid GNSS/5G assuming an urban environment. In [33], a network-based positioning framework using joint
TOA and DOA was proposed using cascaded extended Kalman filters (EKFs). The proposed framework considered
the clock biases between the user equipment (UE) and the gNBs, and among the gNBs themselves. The framework
was evaluated by simulating a real 5G scenario using three-dimensional (3-D) ray tracing, where sub-meter-level
positioning accuracy was demonstrated. In [34], the positioning capabilities of 5G on edge devices was studied.
A preliminary simulation study was conducted, in which an integrated 5G/IMU navigation solution exhibited a
positioning horizontal absolute error ranging around 2.5 m.

On one hand, all the aforementioned studies are limited to simulations and laboratory emulated 5G signals as well
as outdated or restrictive assumptions. In particular the proposed approaches require the user to be in the network
so that network-based localization approaches (i.e., utilizing downlink and uplink channels from the gNB to the user
and back). This compromises the user privacy by revealing their accuracte location and limits the user to only the
gNBs of the network they are subscribed to.

In contrast to existing literature, the authors studied real downlink 5G signals for opportunistic exploitation (i.e.,
without communicating back with the 5G gNB nor subscribing to the network). In [35], a comprehensive approach
for opportunistic navigation with 5G that exploits the downlink channel was developed. The proposed approach
extracted navigation observables from the “always-on” transmitted synchronization signals. The proposed SDR was



validated experimentally, where the ranging performance with real 5G signals was evaluated. After removing the
effect of the clock bias and drift from the estimated pseudorange, the ranging error standard deviation was shown
to be 1.19 m. In [36], the proposed SDR in [35] was modified to extract navigation observables from different
synchronization signals. These observables were analyzed and fused in an EKF to estimate the 2-D position and
velocity of the receiver, along with the relative clock bias and drift between the receiver and each gNB. Experimental
results were presented of a ground vehicle navigating with the 5G SDR in a suburban environment: Costa Mesa,
California, USA, while receiving signals from two gNBs. It was shown that over a trajectory of 1.02 km traversed
in 100 seconds, the position RMSE and standard deviation were 14.93 m and 8.28 m, respectively. In [37], a more
challenging environment compared to [36] was considered for experimental demonstration, where the ground vehicle
navigated in an urban environment: Santa Ana, California, USA, while receiving signals from five gNBs intermittently
over the entire trajectory. It was shown that over a trajectory of 773 m traversed in 110 seconds, the position RMSE
and standard deviation were 4.1 m and 2 m, respectively.

This paper considers UAVs as the navigation platform and develops a more precis navigation approach than the
previous work. This paper makes the following contributions:

• First, it develops a carrier phase-based 5G SDR to opportunistically extract 5G carrier phase measurements. The
proposed receiver exploits the orthogonality property of OFDM signals in both frequency and time-domains, where
all available synchronization signals are combined into one ultimate signal.
• Second, it implements a navigation framework to obtain an accurate navigation on a UAV platform.
• Third, it assesses the proposed system experimentally on a UAV using exiting sub-6 GHz 5G cellular signals.

The remainder of the paper is organized as follows. Section II discusses 5G signal model, frame structure, and
potential reference signals for opportunistic navigation. Also, it proposes a 5G ultimate synchronization signal
(USS). Section III proposes a USS-based carrier-aided code-based 5G opportunistic navigation receiver. Section IV
presents a navigation framework, in which an EKF is used to estimate the UAV’s position using 5G carrier phase
measurements. Section V demonstrates the experimental results. Section VI gives concluding remarks.

II. 5G SIGNAL STRUCTURE

A. Frame Structure and System Information

OFDM with cyclic prefix (CP) is used as a modulation technique for 5G downlink signals, which is the same waveform
LTE has adopted for its downlink signal. This paper discusses an opportunistic UE-based navigation approach; thus,
only 5G downlink signal structure is discussed. In OFDM, a multi-carrier transmission scheme is used, where
transmitted data symbols are mapped into multiple narrowband subcarriers in the frequency-domain, which reduces
frequency selective fading effect caused by multipath. The serial data symbols {S1, · · · , SNr

} are parallelized in
group symbols, each of length Nr, where Nr is the number of subcarriers carrying the data. Then, a guard band in
the frequency-domain is applied by zero-padding both sides of the signal and extending the Nr subcarriers into Nc

subcarriers. At this step, an inverse fast Fourier transform (IFFT) is taken, and the last LCP elements are repeated
in the beginning, which serves as a guard band in the time-domain to protect the OFDM signals from inter-symbol
interference (ISI).

At the receiver, the transmitted symbols are demodulated by executing the aforementioned steps in reverse order.
The obtained OFDM signals are arranged in a 2-D frame. The structure of this frame depends on the transmission
type of the 5G signal, which can be either time division duplexing (TDD) or frequency division duplexing (FDD).
This paper will use 5G signals from FR1, where most cellular providers are using FDD due to its superior performance
in providing better coverage and less latency.

Compared to LTE numerology (i.e., subcarrier spacing (SCS) and symbol length), which supports only one type of
subcarrier spacing, ∆f = 15 kHz, 5G supports different types of subcarrier spacing.

The duration of the FDD 5G frame is

Tf =
∆fmaxNf

100
· Tc = 10ms,



where, ∆fmax = 480 kHz, Nf = 4096, and Tc = 1
∆fmaxNf

= 0.509 ns is the basic time unit for 5G. Each 5G frame

consists of ten subframes, with duration 1 ms each. The number of OFDM symbols per subframe is N subframe,µ
symb =

N slot
symbN

subframe,µ
slot . The frame is divided into two equally-sized half-frames consisting of five subframes each and

denoted by: (i) half-frame 0 consisting of subframes 0-4 and (ii) half-frame 1 consisting of subframes 5-9.

For a predefined µ, the number of slots is denoted by nµ
s ∈ {0, 1, · · · , N subframe,µ

slot } or nµ
s ∈ {0, 1, · · · , N frame,µ

slot } in
an increasing order within a subframe or a frame, respectively. The number of symbols per slot N slot

symb depends on
the type of cyclic prefix and the specified numerology. For different numerologies: the subcarrier spacing, CP type,
number of OFDM symbols per slot, number of slots per frame, number of slots per subframe, symbol duration, and
CP duration.

A resource block (RB) is defined as NRB
sc = 12 subcarriers in the frequency-domain and has the time length of a

resource grid N subframe,µ
symb . A resource block consists of resource elements. The minimum and maximum number of

resource blocks along with the corresponding bandwidth for different numerologies are summarized in Table I. Each
element in the 5G frame is uniquely identified for a specific antenna port p and subcarrier configuration µ by (k, l)p,µ,
where k is the index in frequency domain l is the symbol position in the time domain relative to some reference
point. In the 5G protocol, “Point A” serves as a common reference point and can be obtained as reported in [38].

TABLE I

The minimum and maximum number of resource blocks and the corresponding bandwidths for different numerologies.

µ Nmin

RB
Nmax

RB
Minimum bandwidth [MHz] Maximum bandwidth [MHz]

0 24 275 4.32 49.5
1 24 275 8.64 99
2 24 275 17.28 198
3 24 275 34.56 396
4 24 138 69.12 397.44

At the receiver side, the received 5G signal must be converted to frame structure before extracting signals of interest.
To do so, the frame start time should be known. For the purpose of providing the frame start time, the gNB
broadcasts synchronization signals (SS) with a pre-specified symbol mapping in the 5G frame. The SS includes two
reference signals: primary synchronization signal (PSS) and secondary synchronization signal (SSS), which provide
symbol and frame timing, respectively. Once the frame start time is known, the CPs can be removed and a fast
Fourier transform (FFT) is taken to construct the OFDM symbols in the frame. The SS, the physical broadcast
channel (PBCH), and its associated demodulation reference signal (DM-RS) are transmitted in the same 4 symbols
block called the SS/PBCH block. The SS/PBCH block consists of 240 contiguous subcarrier (20 RBs) and four
consecutive OFDM symbols. Within the SS/PBCH, the subcarriers are numbered in an ascending order from 0 to
239. Note that the position of PBCH-DM-RS varies with v, and the value v changes depending on the physical cell
ID NCell

ID . The SS/PBCH block is transmitted every two frames and is transmitted numerous times, where each set
of these transmitted block is called an SS/PBCH burst. The SS/PBCH burst has to be confined within a half-frame
window (5 ms). Each block in the SS/PBCH burst is beamformed in a different direction and has an identifier
denoted as īssb. The īssb is a time-dependent part of the DM-RS scrambling initialization specified as an integer from
0 to 7, which is derived in the SS burst configuration from the least significant bits (LSBs) of the SS/PBCH block
index and the half-frame number. The frequency location of the SS/PBCH within the 5G frame depends on the
5G high-level signaling. The time location of the SS/PBCH block and the size of the SS/PBCH burst in the frame
depends on the transmission frequency fc and the numerology µ as shown in Table II, where index 0 corresponds to
the first OFDM symbol of the first slot in a half-frame.

The PSS and SS are two orthogonal maximum-length sequences (m-sequences) of length 127 and are transmitted

on contiguous subcarriers. The PSS has three possible sequences N
(2)
ID ∈ {0, 1, 2}, each of which maps to an integer

representing the sector ID of the gNB. The SSS has 336 possible sequences N
(1)
ID ∈ {0, · · · , 335}, each of which maps

to an integer representing the group identifier of the gNB. See Section 7.4.2 of [38]. Both N
(1)
ID and N

(2)
ID define the

physical cell identity of the gNB according to

NCell
ID = 3N

(1)
ID +N

(2)
ID .



TABLE II

Symbol numbers containing SS/PBCH block for different numerologies and frequency bands

subcarrier
spacing (kHz)

Carrier
frequency

Symbol
number

Slot
number n

Case A: 15
fc ≤ 3 GHz

3 < fc ≤ 6 GHz
{2, 8}+ 14n

{0, 1}
{0, · · · , 3}

Case B: 30
fc ≤ 3 GHz

3 < fc ≤ 6 GHz
{4, 8, 16, 20}+ 28n

{0}
{0, 1}

Case C: 30
fc ≤ 3 GHz

3 < fc ≤ 6 GHz
{2, 8}+ 14n

{0, 1}
{0, · · · , 3}

Case D: 120 fc > 6 GHz {4, 8, 16, 20}+ 28n

{0, · · · , 3,
5, · · · , 8,

10, · · · , 13,
15, · · · , 18}

Case E: 240 fc > 6 GHz
{8, 12, 16, 20, 32,
36, 40, 44} + 56n

{0, · · · , 8}

PBCH is a physical channel that is used to transmit the system information required to establish the connection
between the gNB and the UE. The decoding of the PBCH parameters is explained in details in [35]. The DM-RS
signal associated with the PBCH is used for decoding purposes and estimate the channel frequency response. The
PBCH DM-RS sequence is generated as explained in Section 7.4.1.4 of [38].

B. 5G Ultimate Synchronization Signal

In previous 5G-based opportunistic navigation approaches, the proposed navigation receivers considered the orthogo-
nality of the synchronization and channel-estimation signals in frequency-domain, i.e., the transmitted OFDM frame
is always re-constructed from the received time-domain data by executing the transmission steps discussed in Sub-
section II-A in a reverse order, then navigation are estimated by utilization the reference signal with the highest
bandwidth. This conventional approach is necessary for communication applications, in which the UE has to extract
various system information to initiate two-ways communication with the gNB; however, for UE-based navigation ap-
plications, the goal is to produce navigation observables by utilizing the entire frequency and time-domain resources
in the signal. For this purpose, this paper presents a navigation receiver that exploits the orthogonality property of
OFDM signals in both frequency and time-domains. In this receiver, all available synchronization signals are com-
bined into one signal denoted by the USS. The USS consists of the PSS, SSS, and PBCH DM-RS as shown Fig. 1.
Then the time-domain-based sequence is obtained by zero-padding both sides of the signals in the frequency domain.
Then, the IFFT is taken, and the LCP elements are added. This procedure is exactly the procedure happening at
the gNB, except for having zeros instead of having data outside the SS/PBCH block.
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Fig. 1. The 5G OFDM locally-generated frame (i.e., the so-called ultimate synchronization signal (USS).



III. 5G SDR STRUCTURE

In this section, a carrier-aided code phase-based SDR to opportunistically extract TOA measurements from 5G
signals is developed. The proposed receiver exploits the USS as a one ultimate sequence. The receiver has three
main stages: (i) 5G carrier frequency extraction, (ii) acquisition, and (iii) tracking. The first stage was discussed in
the authors’ previous work and does not change in the proposed SDR [35,36]. The rest of this section discusses the
other stages.

A. Acquisition

The objective of this stage is to determine which gNBs are in the receiver’s proximity and to obtain a coarse estimate
of their corresponding code start times and Doppler frequencies. For this purpose, and after extracting the carrier
frequency of the surrounding gNBs, the UE starts sampling the 5G signals with at least a sufficient sampling rate
to capture the entire SS/PBCH (i.e., USS) bandwidth and convert the signals to the baseband domain by wiping
out the carrier frequency. The received discrete-time signal is denoted by x[n], where n is a discrete-time instance.
Then, a search over the code start time and Doppler frequency is performed to detect the presence of a signal in x[n]
at n = 0. For 5G, there are 1008 possible USS sequences resulting from the possible sequences of PSS and SSS and
denoted by

USSNCell
ID

, for NCell
ID ∈ {0, 1, · · · , 1007}. (1)

It is worth mentioning that the USS is not transmitted every frame and has a periodicity of 5 ms, 10 ms, 20 ms,
40 ms, 80 ms, or 160 ms. However, a UE can assume a default periodicity of 20 ms during initial cell search or idle
mode mobility. In this case, while the USS has a frame duration of 10 ms, it is zero-padded in the time-domain to
obtain a 20 ms sequence.

The PSS sequence is not unique for every USS and is common for NCell
ID (mod 3). If the proposed USS is used, as

is, to detect the existing NCell
ID in the received 5G signals, signals with same PSS will be also detected as long as

the PSS received power is enough to pass the detection threshold. This will cause faulty detection of 5G gNBs. To
circumvent this, a USS

′

is used in the acquisition stage, in which only SSS and PBCH DM-RS are utilized. After
detecting the available gNBs, another acquisition is performed using the USS in which PSS is also utilized to obtain
more accurate initial estimates of the Doppler frequency f̂D0 and the code start time t̂s0 , which are then fed to the
tracking loops.

B. Tracking

After obtaining an initial coarse estimate of the code start time and Doppler frequency, the receiver refines and
maintains these estimates via tracking loops. In the proposed design, a phase-locked loop (PLL) is employed to track
the carrier phase and a carrier-aided delay-locked loop (DLL) is used to track the code phase.

The PLL consists of a phase discriminator, a loop filter, and a numerically-controlled oscillator (NCO). Since USS
is a data-less pilot channel, an atan2 discriminator, which remains linear over the full input error range of ±π, could
be used without the risk of having phase ambiguities. Given the limited dynamics of small UAVs, it was found that
a second-order PLL is sufficient to maintain track of the carrier phase. The loop filter transfer function is given by

FPLL(s) =
2ζwns+ w2

n

s
, (2)

where ζ ≡ 1√
2
is the damping ratio and wn is the undamped natural frequency, which can be related to the PLL’s

noise-equivalent bandwidth Bn,PLL by Bn,PLL = wn

8ζ

(

4ζ2 + 1
)

[39]. The output of the loop filter at the m-th

subaccumulation vPLL,m is the rate of change of the carrier phase error, expressed in rad/s. Then, the Doppler

frequency estimate is obtained as f̂Dm
=

vPLL,m

2π . The carrier phase estimate is modeled as

θ̂(tn) = 2πf̂Dm
tn + θ0, (3)

where tn = nTs is the sample time expressed in receiver time, Ts is the sampling time, and θ0 is the initial beat
carrier phase of the received signal.



The carrier-aided DLL employs the non-coherent dot product discriminator, in which the prompt, early, and late
correlations, denoted by Spm

, Sem , and Slm , respectively. The DLL loop filter is a simple gain K, with a noise-
equivalent bandwidth Bn,DLL = K

4 ≡ 0.05 Hz. The output of the DLL loop filter vDLL,m is the rate of change of the
code phase, expresses in s/s. Assuming low-side mixing, the code start time is updated according to

t̂sm+1 = t̂sm − (vDLL,m + f̂Dm
/fc) ·NsTs, (4)

where fc is the carrier frequency of the received signal and Ns is the number of samples per subaccumulation.

IV. NAVIGATION FRAMEWORK

This section presents a navigation framework, in which an EKF is deployed to estimate the UAV’s position using 5G
carrier phase measurements.

A. 5G Carrier Phase Measurements

As discussed in Subsection III-B, the carrier phase estimate is obtained as shown in (3). Then the pseudorange
estimate corresponding to the u-th gNB ρ(u) can therefore be deduced by multiplying the carrier phase estimate by
the wavelength λ(u) = c

f
(u)
c

, where c is the speed of light. The pseudorange between the receiver and the u-th gNB

at the n-th time-step can be modeled as

ρ(u)(n) = ‖rr(n)− rs,u‖2 + c · [δtr(n)− δts,u(n)] + νu(n), n = 1, 2, · · · , (5)

where in the model above,the term λ(u)θ0 is lumped in the initial relative clock bias, rr = [xr, yr, zr]
T
is the receiver’s

3-D position vector, rs,u = [xs,u, ys,u, zs,u]
T
is the u-th gNB’s 3-D position vector, δtr is the receiver’s clock bias, δts,u

is the gNB’s clock bias, and νu is the measurement noise, which is modeled as a zero-mean, white Gaussian random
sequence with variance σu

2 . The gNBs positions {rs,u}
U
u=1 are assumed to be known, e.g., from radio mapping or

cloud-hosted databases.

B. EKF Implementation

The EKF state vector consists of the receiver’s position and velocity, and the relative clock bias and drift between
the receiver and each gNB, given by

x ,
[

x
T

r ,x
T

clk

]T

,

where xr =
[

r
T

r , ṙ
T

r

]

and xclk is the clock state vector xclk defined as xclk ,

[

c∆δt1, c∆δ̇t1, · · · , c∆δtU , c∆δ̇tU

]T

,

where {∆δtu , δtr − δts,u}
U
u=1 and {∆δ̇tu , δ̇tr − δ̇ts,u}

U
u=1 are the relative clock bias and drift between the receiver

and the u-th gNB. The clock error dynamics are assumed to evolve according to the following discrete-time dynamics

xclkj
(n+ 1) = Fclkxclkj

(n) +wclkj
(n),

where

xclkj
,

[

cδtj
cδ̇tj

]

, Fclk =

[

1 T
0 1

]

, wclkj
=

[

wδtj

wδ̇tj

]

, for j ∈ {r, su},

where T ≡ Tf is the measurement’s sampling time and wclkj
is the process noise, which is modeled as a discrete-time

zero-mean white sequence with covariance Qclkj
with

Qclkj
, c2 ·

[

Sw̃δtj
T + Sw̃δ̇tj

T 3

3 Sw̃δtj

T 2

2

Sw̃δ̇tj

T 2

2 Sw̃δ̇tj
T

]

,



where Sw̃δt,j
and Sw̃δ̇t,j

are the clock bias and drift process noise power spectra, respectively. The values of Sw̃δt,j

and Sw̃δ̇t,j
depend on the clock’s quality [20].

The receiver is assumed to move in a 2-D plane with a constant known height zr ≡ z0. The receiver’s motion is
assumed to evolve according to a nearly constant velocity dynamics, i.e.,

r̈(t) = w̃,

where w̃ is a process noise vector, which is modeled as zero-mean white random process with power spectral density
Q̃ped = diag[q̃x, q̃y], where q̃x and q̃y are the power spectral densities of the acceleration in the x− and y− directions,
respectively [40]. The receiver’s discrete-time dynamics are hence given by

xr(i+ 1) = Frxr(i) +wr(i),

where

x ,









xr

yr
ẋr

ẏr









, Fr =









1 0 T 0
0 1 0 T
0 0 1 0
0 0 0 1









,

and wr, the process noise, which is modeled as a discrete-time zero-mean white sequence with covariance Qr, where

Qr =











q̃x
T 3

3 0 q̃x
T 2

2 0

0 q̃y
T 3

3 0 q̃y
T 2

2

q̃x
T 2

2 0 q̃xT 0

0 q̃y
T 2

2 0 q̃yT











.

V. EXPERIMENTAL RESULTS

This section validates the proposed cellular 5G opportunistic navigation receiver and the navigation framework
experimentally on a UAV in an urban environment using ambient 5G signals.

A. Experimental Setup and Environmental Layout

An experiment was conducted in Santa Ana, California, USA. In the experiment, the navigator was an Autel
Robotics X-Star Premium UAV equipped with a single-channel Ettus 312 USRP connected to a consumer-grade
800/1900 MHz cellular antenna and a small consumer-grade GPS antenna to discipline the on-board oscillator. The
cellular receivers were tuned to the cellular carrier frequency 632.55 MHz, which is a 5G frequency allocated to the
U.S. cellular provider T-Mobile. The Samples of the received signals were stored for off-line postprocessing with a
sampling ratio of 10 MSps. The ground-truth reference trajectory was taken from the on-board Ettus 312 universal
software radio peripheral (USRP) GPS solution. The UAV traversed a trajectory of 500 m in 145 seconds. Figures
2 and 3 show the experimental setup and the environment layout, respectively.

Autel Robotics X-Star PRemium UAV Ettus E312 USRP Cellular antenna GPS antenna

Fig. 2. Experimental setup.
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Fig. 3. Environment layout and UAV trajectory.

B. Receiver Output

Next, the signal acquisition stage was applied to detect the ambient 5G signals. Based on experimental data, the
Doppler frequency search window was chosen to be between -25 and 25 Hz. The code start time search window was
chosen to be one code interval with a delay spacing of one sample. Four gNBs were detected, three of which were
hearable starting at tn = 0 seconds, and a fourth gNB was hearable at tn = 25 seconds. The gNBs’ positions were
mapped prior to the experiment.

In the tracking stage, the noise-equivalent bandwidths Bn,PLL and Bn,DLL were chosen to be 6 Hz and 0.05 Hz,
respectively. Fig. 4 shows cellular 5G signal tracking results of the four gNBs including: (i) carrier-to-noise ratio
(CNR), (ii) Doppler frequency estimate in solid lines versus expected Doppler obtained using the UAV’s ground-
truth reference in dashed lines, (iii) Pseudorange estimate in solid lines versus expected range in dashed lines after
removing the initial bias, and (iv) range error estimate in solid lines versus measured error in dashed lines.

C. Navigation Solution

The UAV traversed a distance of 500 m in 145 seconds. The receiver’s position and velocity state vectors and
their corresponding covariances were initialized using the output of the Ettus 312 USRP GPS solution. The initial
relative clock biases were eliminated, i.e., the EKF’s relative clock biases were initialized to zero. The first two 5G
measurements were dropped, where the first two position from the Ettus 312 GPS solution were used to initialize
the relative clock drifts. Table III presents the EKF settings.

Fig. 5 shows the navigation solution of the USS-based 5G receiver versus the Ettus 312 GPS solution. The proposed
receiver yielded a UAV position RMSE of 3.35 m.
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Fig. 4. Cellular 5G signal tracking results of the four gNBs showing: (i) carrier-to-noise ratio (CNR), (ii) Doppler frequency estimate in
solid lines versus expected Doppler obtained using the UAV’s ground-truth reference in dashed lines, (iii) Pseudorange estimate in solid
lines versus expected range in dashed lines after removing the initial bias, and (iv) range error estimate in solid lines versus measured
error in dashed lines.

VI. CONCLUSION

This paper presented a 5G opportunistic navigation framework using 5G carrier phase. A 5G SDR was presented,
in which the 5G time-domain orthogonality is utilized to combine all available resources in the received 5G signal
into one ultimate signal, denoted by USS. The proposed 5G SDR includes two stages: (i) the acquisition stage in
which only unique 5G resources (i.e., SSS and PBCH DM-RS) are utilized to detect the hearable gNBs and (ii) the
tracking stage in which the entire USS is utilized to produce 5G navigation observable. An EKF was implemented
to process the observables and estimate the UE’s position and velocity, along with the relative clock bias and drift
between the receiver and each gNB. An experiment was conducted on a UAV to assess the navigation performance of
the proposed framework. In the experiment, the UAV-mounted receiver navigated using 5G signals from four gNBs



TABLE III

EKF Settings.

Component Parameter(s)

UAV’s motion {q̃x, q̃y} ≡ {1, 1} (m2/s3)

UAV’s clock

{

Sw̃δtj
, Sw̃

δ̇tj

}

≡
{

1.3× 10−22, 7.9× 10−25
}

gNB 1

{

Sw̃δtj
, Sw̃

δ̇tj

}

≡
{

1.3× 10−22, 7.9× 10−25
}

gNBs 2,3, and 4

{

Sw̃δtj
, Sw̃

δ̇tj

}

≡
{

4× 10−20, 7.9× 10−22
}

Duration = 145 s
Total trajectory = 500 m

RMSE = 3.35 m

Standard deviation = 1.61 m
Maximum error = 8.36 m

Fig. 5. The 5G navigation solution exhibited a position RMSE of 3.35 m versus the ground-truth reference navigation solution. Image:
Google Earth.

for 500 m in 145 seconds. The proposed framework exhibited a position RMSE of 3.35 m, while listening to signals
from one cellular provider.
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