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Abstract—A user equipment (UE)-based navigation frame-
work that opportunistically exploits 5G signals is developed.
The proposed framework exploits the “always on” 5G down-
link signals in a time-domain-based receiver. To this end, a
so-called ultimate synchronization signal (USS) is proposed
to utilize the time-domain orthogonality of the orthogonal
frequency division multiplexing (OFDM)-based 5G signals.
This approach simplifies the receiver’s complexity and en-
hances the performance of the 5G opportunistic navigation
framework. Experimental results are presented to evaluate
the efficacy of the proposed framework on a ground vehicle
navigating in a suburban environment, while utilizing sub-
6 GHz 5G signals from two gNBs. It is shown that while
a state-of-the-art frequency-domain-based 5G opportunistic
navigation receiver can only reliably track the gNBs’ signals
over a trajectory of 1.02 km traversed in 100 seconds,
producing a position root mean-squared error (RMSE) of
14.93 m; the proposed time-domain-based receiver was able
to track over a trajectory of 2.17 km traversed in 230 seconds,
achieving a position RMSE of 9.71 m.

Index Terms—5G, signals of opportunity, positioning nav-
igation, ground vehicles, software-defined radio.

I. INTRODUCTION

In January 2021, the U.S. Department of Transportation

(USDOT)’s National Highway Traffic Safety Administra-

tion (NHTSA) announced the expansion of the Automated

Vehicle Transparency and Engagement for Safe Testing

(AV TEST) Initiative from a pilot to a full program [1],

in which dozens of companies and governments agencies

are now participating. Globally, hundreds of companies are

involved in bringing automated vehicles to our roads. As

automated vehicles approach full autonomy (referred to as

Level 5 [2]), strict guarantees emerge on their navigation

system accuracy, robustness, and integrity [3].

Among the different sensors (e.g., lidars, inertial mea-

surement unit (IMUs), global navigation satellite system

(GNSS) receivers, radars, cameras) with which automated

vehicles are equipped, GNSS receivers are the only ones

that provide a navigation solution in a global frame, do not

require aiding from an external source, and are unaffected

by weather conditions. Cellular signals possess similar

attributes, making them an attractive replacement to GNSS

signals in situations where GNSS signals are unusable.

Cellular signals, particularly 3G code-division multiple

access (CDMA) and 4G long-term evolution (LTE), have

shown high ranging and localization accuracy via special-

ized software-defined receivers (SDR) [4]–[9].

The cellular system is currently in its fifth generation

(5G). The navigation capabilities of 5G has been studied

extensively in the past few years [10], [11]. Different

approaches have been proposed, in which direction-of-

arrival (DOA) [12], direction-of-departure (DOD) [13],

time-of-arrival (TOA) [14], or a combination thereof [15]

was used to achieve accurate positioning from 5G signals.

All the aforementioned studies were either limited to

simulations and laboratory emulated 5G signals or were

based on restrictive assumptions. In particular, the proposed

approaches required the user to be in the network to en-

able network-based localization approaches (i.e., utilizing

downlink and uplink signals from the 5G gNB to the

user and back). This compromises the user’s privacy by

revealing their accurate location and limits the user to only

gNBs of the network to which they are subscribed.

In contrast to aforementioned approaches, downlink 5G

signals can be exploited opportunistically for navigation

(i.e., without communicating back with the 5G gNB nor

subscribing to the network). In [16], a comprehensive

approach for opportunistic navigation with 5G exploiting

the downlink signal was developed. The proposed ap-

proach extracted navigation observables from the “always-

on” transmitted synchronization signals and was validated

experimentally, where the ranging error standard deviation

was shown to be 1.19 m. In [17], the proposed SDR in [16]

was modified to extract navigation observables from differ-

ent synchronization signals. Experimental results were pre-

sented of a ground vehicle navigating with the frequency-

domain-based 5G SDR in a suburban environment while

receiving signals from two 5G gNBs. It was shown that

over a trajectory of 1.02 km traversed in 100 seconds, the

position root mean-squared error (RMSE) was 14.93 m. In

[18], a more challenging urban environment compared to

[17] was considered. The ground vehicle navigated 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 was

4.1 m. In [19], a more precise navigation approach based

on 5G carrier phase measurements was developed and

demonstrated on an unmanned aerial vehicle (UAV).

This paper extends the approach in [19] by developing

a time-domain-based SDR produce 5G carrier phase mea-

surements. The developed SDR is evaluated experimentally

on a ground vehicle with sub-6 GHz 5G cellular signals.



It is shown that while the frequency-domain-based 5G

opportunistic navigation receiver [16] can only reliably

track the gNBs’ signals over a trajectory of 1.02 km

traversed in 100 seconds, producing a position RMSE of

14.93 m; the proposed time-domain-based receiver was

able to track over a trajectory of 2.17 km traversed in 230

seconds, achieving a position RMSE of 9.71 m.

The remainder of the paper is organized as follows.

Section II discusses 5G opportunistic navigation, in which

the 5G signal structure is presented, the so-called ultimate

synchronization signal (USS) is presented to extract 5G

carrier phase measurements via a time-domain-based navi-

gation SDR, and an extended Kalman filter is implemented

to estimate the ground vehicle’s position using only 5G

measurements. Section III evaluates the proposed approach

experimentally on a ground vehicle in a semi-urban envi-

ronment, Section IV gives concluding remarks.

II. 5G OPPORTUNISTIC NAVIGATION

This section overviews 5G opportunistic navigation.

First, the 5G signal structure is studied to exploit potential

“always-on” 5G reference signals for navigation purposes.

Next, a specialized time-domain-based SDR is presented

to extract carrier phase measurements from received 5G

signals. Finally, the extracted measurements are fed to an

EKF to produce the 5G navigation solution.

A. 5G Signal Structure

This paper proposes an opportunistic navigation ap-

proach; thus, it only considers 5G downlink signal, which

use orthogonal frequency division multiplexing (OFDM)

with cyclic prefix (CP) as a modulation technique. A 5G

frame has a duration of 10 ms and consists of 10 subframes

with durations of 1 ms. A frame can also be decomposed

into two half-frames, where subframes 0 to 4 form half-

frame 0 and subframes 5 to 9 form half-frame 1.

In the time-domain, each subframe breaks down into

numerous slots, each of which contains 14 OFDM symbols

for a normal CP length. The number of slots per subframe

depends on the subcarrier spacing. The subcarrier spac-

ing in 5G is flexible and is defined as ∆f = 2µ · 15
[kHz], where µ is a pre-defined numerology such that

µ ∈ {0, · · · , 4}. This paper considers frequency range 1

(FR1) (i.e., sub-6 GHz) in the experimental evaluation due

to the limited FR2 (i.e., mmWave) infrastructure. In FR1,

subcarrier spacings of 15 and 30 kHz are used, i.e., µ = 0
and µ = 1.

In the frequency-domain, each subframe is divided into

numerous resource grids, each of which has multiple re-

source blocks with 12 subcarriers. The number of resource

grids in the frame is provided to the user equipment (UE)

from higher level signallings. A resource element is the

smallest element of a resource grid that is defined by its

symbol and subcarrier number. Fig. 1 summarizes the 5G

frame structure.

The 5G frame contains two synchronization signals that

can be exploited that can be exploited for navigation:
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Fig. 1. 5G frame structure.

primary synchronization signal (PSS) and secondary syn-

chronization signal (SSS). Which are two orthogonal max-

imal length sequences of length 127. PSS has 3 possible

sequences and specifies the sector ID of the gNB, and

SSS has 336 possible sequences, which specifies the group

identifier of the gNB. Together, they provide the frame start

time and the gNB physical cell ID NCell
ID . The physical

broadcast channel (PBCH) demodulation reference signal

(DM-RS) is also transmitted in the same symbols as the

synchronization signals. All together, they forms what is

called as SS/PBCH block. The length of the block is 240

subcarriers, which gives its a range of bandwidth between

3.6 to 57.6 MHz depending on µ

B. 5G Software-Defined Navigation Receiver

In previous 5G-based opportunistic navigation ap-

proaches, the proposed navigation receivers considered

the orthogonality of the synchronization and channel es-

timation signals in the frequency-domain, i.e., the trans-

mitted OFDM frame is always re-constructed from the

received time-domain data, then navigation observables

are extracted by utilizing 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 applications, the goal is to produce navigation

observables by utilizing the entire frequency and time-

domain resources in the signal. For this purpose, 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

signal referred to by the ultimate synchronization signal

(USS). The USS consists of the PSS, SSS, and PBCH DM-

RS corresponding to each gNB physical cell ID. Then the



time-domain-based sequence is obtained by zero-padding

both sides of the signals in the frequency domain. Then,

the inverse fast Fourier transform (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. Fig. 2

shows an example of a locally-generated frame showing

the USS frequency components for gNB with NCell
ID = 0,

µ = 0, and 20 MHz bandwidth.
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Fig. 2. The 5G OFDM locally-generated frame (i.e., the so-called ultimate
synchronization signal (USS).

The developed time-domain-based navigation receiver

operates on the USS sequences corresponding to all possi-

ble cell IDs. The receiver has two stages: (i) acquisition and

(ii) tracking. In the acquisition stage, coarse estimates of

the code start times and Doppler frequencies of detected

gNBs are obtained. It is worth mentioning that the PSS

sequence is not unique for every USS and is common for

NCell
ID (mod 3); thus, only SSS and PBCH DM-RS are

utilized for acquisition.

In the tracking stage, the receiver refines and maintains

the coarse estimates produced in the acquisition stage via

tracking loops. The developed receiver deploys a phase-

locked loop (PLL) and a delay-locked loop (DLL) to track

the carrier and codes phases, respectively.

C. Navigation Filter

The receiver’s carrier phase output is multiplied by the

received signal wavelength λ resulting in the pseudorange

estimate, which is modeled as

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

where n is a discrete-time index, rr = [xr, yr, zr]
T

is the

receiver’s three-dimensional (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 . In (1), the initial carrier phase is lumped into the

relative clock bias term. The gNBs positions {rs,u}
U
u=1 are

assumed to be known, e.g., from radio mapping or cloud-

hosted database. The 5G measurements are fed to an EFK

to estimate the state vector x defined as

x ,
[

x
T

r ,x
T

clk

]T

, xr ,
[

r
T

r , ṙ
T

r

]T

where and xclk is the clock error state vector, 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 temporal evolution of xr used in the EKF

is assumed to follow a nearly constant velocity dynamics

and the clock error dynamics is assumed to follow a double

integrator driven by process noise, as discussed in [17].

III. EXPERIMENTAL RESULTS

This section validates the proposed cellular 5G oppor-

tunistic navigation receiver and the navigation framework

experimentally on a ground vehicle in a suburban environ-

ment using ambient 5G signals.

A. Experimental Setup and Environmental Layout

The experiment was performed on the Fairview Road in

Costa Mesa, California, USA. In this experiment, a quad-

channel National Instrument (NI) universal software radio

peripheral (USRP)-2955 was mounted on a vehicle, where

only two channels were used to sample 5G signals with

a sampling ratio of 10 MSps. The receiver was equipped

with two consumer-grade cellular omnidirectional Laird

antennas. The USRP was tuned to listen to 5G signals from

AT&T and T-Mobile U.S. cellular providers as summarized

in Table I. The vehicle was equipped with a Septentrio

AsteRx-i V integrated GNSS-IMU to be used as a ground

truth in this experiment. Fig. 3 shows the experimental

hardware and software setup.

TABLE I
GNBS’S CHARACTERISTICS

gNB Carrier frequency [MHz] NCell
ID

Cellular provider

1 872 608 AT&T

2 632.55 398 T-Mobile

B. Signal Acquisition and Tracking Performance

The signal acquisition was performed to detect the hear-

able gNBs. Two gNBs were detected as shown in Fig. 4.

The gNBs’ positions were mapped prior to the experiment.

In the tracking stage, the 5G signals from both gNBs

were tracked for 230 seconds. Fig. 5 shows the tracking

results of the two gNBs including: (i) carrier-to-noise ratio

(CNR), (ii) Doppler frequency estimate versus expected

Doppler obtained using the ground vehicle’s ground truth

reference, (iii) pseudorange estimate versus expected range

after removing the initial bias, and (iv) range errors.
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Fig. 3. Experimental hardware and software setup.

Fig. 4. Cellular 5G signal acquisition results showing squared correlation
magnitude |Sm|2 versus initial estimates of the code start time t̂s0 and

Doppler frequency f̂D0
for the two detected gNBs.

C. Navigation Solution

The vehicle traversed a trajectory of 2.17 km in 230

seconds. The receiver’s position and velocity state vectors

and their corresponding covariances were initialized from

the GNSS-IMU system. Using the expressions of mea-

surement noise variances as a function of the CNR and

receiver parameters in [9], the variances were found to vary

between 0.67 to 12.78 m2. Fig. 6 shows the environmental

layout, 5G gNBs location, and the navigation solution

of the proposed 5G framework versus ground truth. The

proposed 5G opportunistic navigation framework tracked

the 5G signals, achieving a position RMSE of 9.71 m.

In contrast, the previous generation 5G SDR [16], [17]

was only able to track over a shorter segment of 1.02 km,

achieving a position RMSE of 14.93 m. It is worth noting

that due to bad gNB geometric diversity, the majority of

errors are in the east direction. Fig. 7 shows the EKF errors
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Fig. 5. Cellular 5G signal tracking results of the two gNBs showing:
(i) CNR, (ii) Doppler frequency estimate in solid lines versus expected
Doppler obtained using the vehicle’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 errors.

of the ground vehicle’s (a) east-position, (b) north-position,

along with the associated ±1σ bounds, and (c) position

errors along the east and the north directions.

IV. CONCLUSION

This paper presented a UE-based navigation framework

in which downlink 5G signals are opportunistically ex-

ploited for navigation purposes. The framework includes:

(i) a time-domain-based receiver to extract carrier phase

measurements exploiting a so-called USS that combines

all “always on” 5G signals and (ii) an EKF to estimate

the ground vehicle’s position, velocity, and relative clock

biases and drifts between the receiver and each gNB. Ex-

perimental results were presented to assess the performance

on a ground vehicle navigating a suburban environment. It

is shown that over a trajectory of 2.17 km traversed in

230 seconds, the position RMSE with the proposed time-

domain-based receiver was 9.71 m.
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