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ABSTRACT

A framework for positioning with carrier phase differential (CD) - low Earth orbit (LEO) (CD-LEO) measurements is
developed. This framework utilizes a base and a rover and enables navigation with the Orbcomm LEO constellation
without requiring prior knowledge of the rover’s position. The effect of ionospheric and tropospheric delays on
the carrier phase and CD-LEO measurements are discussed. The residual ionospheric and tropospheric delays are
studied as a function of the baseline. Moreover, the position dilution of precision (PDOP) is studied for the Orbcomm
constellation, and it is found that a less than unity PDOP may be achieved for 8-minute wait times. Experimental
results show a receiver positioning itself exclusively with CD-LEO measurements from two Orbcomm satellites with
a position error of 11.93 m.

I. INTRODUCTION

The promise of broadband low Earth orbit (LEO) satellite signals as a desirable navigation and timing source has
been demonstrated in the past decade [1–6]. While some of these approaches call for tailoring the broadband proto-
col to support navigation capabilities [3, 7], others exploit existing broadband LEO constellations for navigation in
an opportunistic fashion [2, 4, 8–10]. The former approaches allow for simpler receiver architectures and navigation
algorithms. However, they require significant changes to existing infrastructure, the cost of which private companies
(e.g., OneWeb, SpaceX, and Boeing), which are planning to aggregately launch thousands of broadband Internet
satellites into LEO, may not be willing to pay. Moreover, if these companies agree to that additional cost, there
will be no guarantees that they would not charge for “extra navigation services.” In this case, exploiting broadband
LEO satellite signals opportunistically for navigation becomes the more attractive approach. This paper assesses
opportunistic navigation with differential carrier phase measurements from broadband LEO satellite signals.

Opportunistic navigation, or navigation with signals of opportunity (SOPs), has been recently considered as a re-
liable alternative paradigm to GNSS navigation [11]. Besides broadband LEO satellite signals, other SOPs include
AM/FM radio [12,13], WiFi [14,15], and cellular [16–20], with the latter showing the promise of a submeter-accurate
navigation solution for unmanned aerial vehicles when carrier phase measurements from cellular signals are used
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[21, 22]. LEO satellites possess desirable attributes for positioning: (i) they are around twenty times closer to the
Earth compared to GNSS satellites, which reside in medium Earth orbit (MEO), making their received signal power
between 24 to 34 dBs higher than GNSS signals; (ii) they will become abundant as thousands of broadband Internet
satellites are expected to be deployed into LEO [3]; and (iii) each broadband provider will deploy broadband Internet
satellites into unique constellations, transmitting at different frequency bands, making LEO satellite signals diverse in
frequency and direction [23]. Moreover, the Keplerian elements parameterizing the orbits of these LEO satellites are
made publicly available by the North American Aerospace Defense Command (NORAD) and are updated daily in the
two-line element (TLE) files. Using TLEs and orbit determination algorithms (e.g., SGP 4), the positions and veloc-
ities of these satellites can be known, albeit not precisely. In addition, some of these broadband LEO satellites, such
as Orbcomm satellites, are equipped with GPS receivers and broadcast their GPS solution to the terrestrial receivers.

This paper considers the problem of positioning exclusively with LEO satellite signals in the inevitable case where
GNSS signals become unavailable or unreliable (e.g., in jammed or spoofed environments). To this end, there are
several challenges to overcome, mainly the absence of: (i) publicly available receivers that can extract navigation
observables from LEO satellite signals, (ii) source of error characterization for designing LEO satellite navigation
frameworks, and (iii) performance analyses tools to evaluate these frameworks. The first challenge has been mainly
addressed for Orbcomm satellite signals [9]. This paper makes three contributions that address the second and third
challenges mainly for the Orbcomm constellation. First, a carrier phase differential (CD)-LEO navigation frame-
work is developed for real broadband LEO satellite signals. Second, the estimability of the receiver’s position is
studied and a rule of thumb for setting the size of the batch estimator from the number of available satellites to
meet performance requirements is developed. Third, the effect of residual ionospheric and tropospheric delays on the
double-difference carrier phase measurements is studied, and the tradeoff between coverage and accuracy is discussed.

The high precision of carrier phase measurements enables very precise navigation, as demonstrated in GPS and
cellular SOPs [21]. However, this precision comes at the cost of added ambiguities that need to be estimated. Con-
sider a receiver on-board a “rover” on Earth making carrier phase measurements to broadband LEO satellites and
a “base” station in the vicinity of the rover making carrier phase measurements to the same LEO satellites. One
can form the double-difference carrier phase measurements from the base and rover measurements and solve for the
rover’s position as well as for the resulting ambiguities. One important measure of the estimability (or degree of
observability) of the rover’s position is the position dilution of precision (PDOP). If no position prior is available,
the rover cannot perform real-time positioning and must wait until there is enough change in satellite geometry and
solve a batch least-squares to estimate its position and the carrier phase ambiguities. Significant change in geometry
is required particularly for current broadband LEO constellations where the average number of visible satellites is
less than three. The wait time depends on several variables but is mainly determined by the desired PDOP and the
number of available satellites. Fortunately, due to the desirable properties of LEO, this wait time is much less than
in the case of GPS.

Aside from carrier phase ambiguities, another major source of error that has to be considered in the CD-LEO
framework is the ionospheric and tropospheric delays, since most broadband LEO constellations reside above the
ionosphere. The magnitude of the ionospheric delay is (i) inversely proportional to the square of the carrier frequency
and (ii) proportional to the obliquity factor, which is related to the elevation angle. This relationship becomes
crucial for the proposed framework since: (i) Orbcomm satellite signals, which are transmitted in the very high
frequency (VHF) band, will experience significantly larger ionospheric delays than GPS L1 signals, and (ii) due to
Orbcomm satellites residing in LEO orbits, the obliquity factor changes significantly between different points on
Earth, which introduces large ionospheric and tropospheric delay residuals. Although the double-difference carrier
phase measurements will cancel out most of the errors due to ionospheric delays, there will still be significant errors if
the base and rover are “too” far apart. For relatively long baselines, these errors become too large to be ignored if an
accurate navigation solution is desired. Subsequently, there exists a tradeoff between coverage and accuracy, in that
one would like to minimize the number of differential base stations needed while guaranteeing a certain accuracy.

The proposed CD-LEO framework is demonstrated experimentally using proprietary Orbcomm software-defined
receivers (SDRs) developed at the Autonomous Systems Perception, Intelligence, and Navigation (ASPIN) laboratory.
The SDRs are implemented on a host computer with a universal software radio peripheral (USRP) serving as an RF



front-end. The GPS-based LEO satellite positions are decoded from the transmitted Orbcomm satellite messages.
Experimental results are presented showing a receiver localizing itself with real Orbcomm satellite signals using the
proposed CD-LEO framework with a position error of 11.93 m.

The rest of the paper is organized as follows. Section II describes the carrier phase measurement model and the
ionospheric and tropospheric delay models. Section III discusses the CD-LEO framework. Section IV characterizes
the performance of the proposed CD-LEO framework by studying the PDOP and the residual ionospheric and
tropospheric delays for the Orbcomm constellation. Section V shows experimental results demonstrating a receiver
positioning with the proposed CD-LEO framework. Section VI gives concluding remarks.

II. MODEL DESCRIPTION

This section describes the carrier phase measurement model and the ionospheric and tropospheric delay models used
in the rest of the paper.

A. LEO CARRIER PHASE OBSERVATION MODEL

In this paper, availability of Doppler frequency measurements of Orbcomm LEO space vehicle (SV) signals from
the specialized navigation receiver in [9] is assumed. The continuous-time carrier phase observable can be obtained
by integrating the Doppler measurement over time [24]. The carrier phase (expressed in cycles) made by the i-th
receiver on the l-th LEO SV is given by

φ
(i)
l (t) = φ

(i)
l (t0) +

∫ t

t0

f
(i)
Dl

(τ)dτ, l = 1, . . . , L, (1)

where f
(i)
Dl

is the Doppler measurement made by the i-th receiver on the l-th LEO SV, φ
(i)
l (t0) is the initial carrier

phase, and L is the total number of visible LEO SVs. In (1), i denotes either the base B or the rover R. Assuming
a constant Doppler during a subaccumulation period T , (1) can be discretized to yield

φ
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where tk , t0 + kT . In what follows, the time argument tk will be replaced by k for simplicity of notation. Note
that the receiver will make noisy carrier phase measurements. Adding measurement noise and the ionospheric and
tropospheric delays to (2) and expressing the carrier phase observable in meters yields
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where λl is the wavelength of the carrier signal transmitted by the l-th LEO SV and v
(i)
l (k) is the measurement

noise, which is modeled as a discrete-time zero-mean white Gaussian sequence with variance
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,

where Bi,PLL is the i-th receiver’s phase lock loop (PLL) noise equivalent bandwidth and SNR
(i)
l (k) is the l-th

LEO SV signal-to-noise ratio at time-step k measured by the i-th receiver. Note that since LEO satellite orbits are

above the ionosphere, their signals will suffer from ionospheric and tropospheric delays. Let δt
(i)
iono,l(k) and δt

(i)
trop,l(k)

denote the ionospheric and tropospheric delays from the l-th LEO SV to the i-th receiver at time-step k, respectively.
Subsequently, the carrier phase in (3) can be parameterized in terms of the receiver and LEO SV states as

z
(i)
l (k) = ‖rri − rleol(k)‖2

+ c [δtri(k)− δtleol(k)] + λlN
(i)
l + cδt

(i)
trop,l(k) + cδt

(i)
iono,l(k) + v

(i)
l (k), (4)



where rri , [xri , yri , zri ]
T
is the i-th receiver’s position vector; rleol , [xleol , yleol , zleol ]

T
is the l-th LEO SV position

vector; c is the speed of light; δtri and δtleol are the i-th receiver’s and l-th LEO SV clock biases, respectively; and

N
(i)
l is the carrier phase ambiguity.

B. Ionospheric and Tropospheric Delays

For radio frequency (RF) signals transmitted at a carrier exceeding 1 MHz, the excess phase delay due to propagation
in the ionosphere can be approximated by

δt
(i)
iono,l(k) = −

40.3× 1016 × αiono

(

θ
(i)
l (k)

)

× TECV(i)(k)

cf2
c,l

, (5)

where θ
(i)
l (k) is the elevation angle of the l-th LEO SV with respect to the i-th receiver at time-step k; fc,l is the

l-th LEO SV’s carrier frequency; αiono(·) is the obliquity factor for a given elevation angle; and TECV(i)(k) is the

total electron count at the i-th receiver’s zenith (i.e., when the elevation angle is π/2) [24]. Note that TECV(i)(k) in
(5) is expressed in TEC Units (TECU) and is assumed to be constant during satellite visibility. Note that a map for
TECV for the i-th receiver’s location at different times can be accessed online [25]. The obliquity factor is given by

αiono(u) =

[
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(

RE cosu

RE + hI

)2
]

−
1

2

,

where RE is the average radius of the Earth and hI is the mean ionospheric height, which is taken to be 350 km.

Tropospheric delays can be modeled as the sum of two terms: the first due to dry gazes in the atmosphere and the
second due to water vapor in the atmosphere. The corresponding delays are called dry and wet delays, respectively,
and the total tropospheric delay is modeled as

δt
(i)
trop,l(k) = δt(i)z,wαtrop,w

(
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(i)
l (k)

)

+ δt
(i)
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(
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)

, (6)

where δt
(i)
z,w and δt

(i)
d,w are the wet and dry delays at the i-th receiver’s zenith, respectively, and αtrop,w(·) and αtrop,d(·)

are the wet and dry tropospheric obliquity factors, respectively. The obliquity factors may be approximated by

αtrop,w(u) =
1

sinu+ 0.00035
tanu+0.017

,

αtrop,d(u) =
1

sinu+ 0.00143
tanu+0.0445

.

Using the Hopfield model, the wet and dry delays may be approximated with
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e
(i)
0

c
(

T
(i)
0

)2

hw

5
, δt

(i)
z,d = 77.6× 10−6 P

(i)
0

cT
(i)
0

hd

5
,

where T
(i)
0 is the temperature (kelvin), P

(i)
0 is the total pressure and e

(i)
0 is the partial pressure due to water vapor

(both in millibars), hw = 12 km, and hd ≈ 43 km [24].

Fig. 1 shows the sum of simulated ionospheric and tropospheric delays for 5 Orbcomm LEO SVs transmitting in the
VHF band and 5 GPS SVs at L1 frequency over a period of 4 hours. It can be seen that the ionospheric delays for
Orbcomm SVs are orders of magnitude higher than those of GPS SVs due to the difference in transmit frequency.

III. NAVIGATION WITH LEO CARRIER PHASE DIFFERENTIAL MEASUREMENTS

In this section, a framework for CD-LEO navigation is developed.
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Fig. 1. Simulated delays in meters due to ionosphere and troposphere propagation for 5 Orbcomm LEO SVs and 5 GPS SVs.

A. CD-LEO FRAMEWORK

The framework consists of a rover and a base receiver in an environment comprising L visible LEO SVs. The base
receiver (B), is assumed to have knowledge of its own position state, e.g., a stationary receiver deployed at a surveyed
location or a high-flying unmanned aerial vehicle (UAV) with access to GNSS or one equipped with a sophisticated
sensor suite. The rover (R) does not have knowledge of its position. The base communicates its own position
and carrier phase observables with the rover. The LEO SVs’ positions are known through the TLE files and orbit
determination software, or by decoding the transmitted ephemeris, if any. Fig. 2 illustrates the base/rover CD-LEO
framework.
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Fig. 2. Base/rover CD-LEO framework.

In what follows, the objective is to estimate the rover’s position, which will be achieved by double-differencing the
measurements (4). Without loss of generality, let the measurements to the first LEO SV be taken as references to
form the single difference

z
(i)
l,1(k) , z

(i)
l (k)− z

(i)
1 (k).

Subsequently, define the double difference between R and B as
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where l = 1, . . . , L, and
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Note that since λl is not necessarily equal to λ1, then A
(R,B)
l,1 cannot necessarily be expressed as λlM , where M is

an integer. Therefore, A
(R,B)
l,1 is hereafter considered as a real constant parameter. Moreover, this paper assumes

complete knowledge of the base’s position and accounts for it in the measurement defined in (7). Thus, it is expected
that a mobile base and a static base will yield the same positioning performance. Define the vector of measurements

z(k) , hR(k) +A+ c∆iono(k) + c∆trop(k) + v(k),

where
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where v(k) has a covariance RR,B(k) which can be readily shown to be
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and Ξ is a matrix of ones.

B. BATCH SOLUTION

The vector A is unknown and has to be solved for along with the rover’s position. Using only one set of carrier
phase measurement with no a priori knowledge on the rover position results in an underdetermined system: (L+2)
unknowns with only (L − 1) measurements. Therefore, when no a priori information on the position of the rover
is known, the rover could remain stationary for a period of time such that enough variation in satellite geometry is
observed. Subsequently, the rover uses measurements collected at different times in a batch estimator, resulting in an
overdetermined system [24]. Denote K the number of time-steps in which carrier phase measurements are collected
to be processed in a batch, then the total number of measurements will be K × (L − 1) while the total number of
unknowns will remain L+ 2. Note that for L ≥ 2, the resulting system is overdetermined for K ≥ 4.

Define the collection of measurements from time-step 0 to K − 1 as

zK ,
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z
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,



which can be expressed as
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where vK is the overall measurement noise with covariance RK , diag [RR,B(0), . . . ,RR,B(K − 1)]. Note that the
measurements in (8) contain the ionospheric and tropospheric delays, which can be estimated according to Subsection

II-B. Let ∆̂K
iono and ∆̂K

trop denote the estimates of ∆K
iono and ∆K

trop, respectively, with the associated estimation
errors
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iono − ∆̂K
iono, ∆̃K

trop , ∆K
trop − ∆̂K

trop.

Subsequently, define the ionospheric delay- and tropospheric delay-free measurements
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iono + c∆̃K

trop is the overall measurement noise with the assumed covariance
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iono,trop is a tuning parameter determined empirically. A weighted nonlinear least-squares (WNLS) estimator

with weighting matrix
(

R̄K
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is used to estimate rrR along with A. Let H denote the measurement Jacobian

matrix, which is given by

H =
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∂

∂rrR
hK [rrR ] ĪK

]

.

IV. PERFORMANCE CHARACTERIZATION

This section characterizes the performance of the proposed CD-LEO framework by studying: (i) the PDOP and (ii)
the residual ionospheric and tropospheric delays for the Orbcomm constellation.

A. PDOP Characterization

One important measure of the estimability (or degree of observability) of the rover’s position is the position dilution
of precision (PDOP), given by

PDOP = trace [Pr] ,

where Pr corresponds to the top 3 × 3 block of the matrix
(

HTH
)

−1
. In the sequel, it is assumed that the rover

is equipped with an altimeter; hence it knows its altitude. Subsequently, only the rover’s horizontal position is
estimated. As a result, the PDOP now corresponds to the horizontal dilution of precision (HDOP). Figure 3 shows
ln [PDOP] for 2 and 3 Orbcomm satellites at two positions on Earth (Seattle, WA, USA, and Quito, Ecuador) as a
function of time.

Next, heat maps of ln [PDOP] are generated for the entire globe starting midnight on June 27, 2019, UTC time.
Four maps are generated, each 30 minutes apart, showing the PDOP obtained after an 8-minute wait time, and are
shown in Fig. 4.

The heat map combining the 4 heat maps is shown in Fig. 5.

It can be seen from Fig. 4(a)–(d) and Fig. 5 that a less than unity PDOP can be achieved for an 8-minute wait
time, implying submeter-accurate positioning with Orbcomm satellites.



Fig. 3. Logarithm of the PDOP as a function of time at two positions on Earth (Seattle, WA, USA, and Quito, Ecuador) for 2 and 3
Orbcomm satellites. Map data: Google Earth.

(a) (b)

(c) (d)

Fig. 4. Heat map of ln [PDOP] for the Orbcomm constellation and a wait time of 8 minutes. (a)–(d): The heat map is computed 4 times
at 30 minute intervals, starting at midnight on June 27, 2019, UTC time.

B. Ionospheric and Tropospheric Delay Residuals

Next, the ionospheric and tropospheric delay residuals are studied as a function of the baseline, i.e., the distance
between the base and the rover. The residual delays are significant in the case of Orbcomm LEO satellites since the
obliquity factor changes significantly between different points on Earth, as illustrated in Figure 6. It was observed
through simulations that a baseline of 2 km or less will keep the residual delays below 2 meters.

V. EXPERIMENTAL RESULTS

In this section, experimental results are presented demonstrating positioning with the CD-LEO framework developed
in this paper. Only the 2–D position of the rover is estimated as its altitude may be obtained using other sensors
(e.g., altimeter). In the following experiments, the altitude of the rover was obtained from its surveyed location.



Fig. 5. Heat map of ln [PDOP] for the Orbcomm constellation and a wait time of 8 minutes combined over 2 hours.
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Fig. 6. Ionospheric delays observed by a terrestrial receiver for GPS and Orbcomm LEO satellites for varying baselines: 500 m, 1 km, 2
km, 4 km, and 8 km. The zenith angle ζ is defined as ζ , π/2 − θ, where θ is the elevation angle.

Moreover, the noise equivalent bandwidths of the receivers’ PLLs were set to BR,PLL = BB,PLL = BPLL = 18 Hz.
In order to demonstrate the CD-LEO framework discussed in Section III, the base, which was a DJI Matrice 600
UAV, was equipped with an Ettus E312 USRP, a high-end VHF antenna, and a small consumer-grade GPS antenna
to discipline the on-board oscillator. The rover, which was a stationary receiver, was equipped with an Ettus E312
USRP, a custom-made VHF antenna, and a small consumer-grade GPS antenna to discipline the on-board oscillator.
The receivers were tuned to a 137 MHz carrier frequency with more than 1 MHz sampling bandwidth, which covers
the 137–138 MHz band allocated to Orbcomm SVs. Samples of the received signals were stored for off-line post-
processing using a modified version of the software-defined radio (SDR) developed in [9]. The LEO carrier phase
measurements were given at a rate of 4.8 kHz and were downsampled to 1 Hz. The ground-truth reference for the
rover was surveyed on Google Earth, and the base UAV trajectory was taken from its on-board navigation system,
which uses GNSS (GPS and GLONASS), an inertial measurement unit (IMU), and other sensors. The experimental
setup is shown in Fig. 7.

The rover waited 114 s to produce a position estimate. Over the course of the experiment, the receivers on-board the
base and the rover were listening to 2 Orbcomm SVs, namely FM 108 and FM 116, whose positions were decoded
from the transmitted ephemeris and interpolated at 1 Hz rate. A sky plot of the 2 Orbcomm SVs is shown in Fig.
8(a). The Doppler frequency measured by the rover using the SDR in [9] for the 2 Orbcomm SVs is shown along
the expected Doppler calculated from the TLE files in Fig. 8(b). The measured ionospheric and tropospheric delay
residuals between the rover and base are shown with the estimated residual delays using the models in Subsection II-B
are shown in Fig. 8(c). It can be seen that the estimated residual delays are negligible. The measured residual delays
are mainly due to unmodeled errors. Note that the base was mobile during the experiment and the position returned
by its on-board navigation system was used as ground-truth. Consequently, any errors in the UAV’s navigation
solution would have reflected in the residual delays and degraded the rover’s position estimate.

The CD-LEO measurements were used to estimate the rover’s position via the base/rover framework developed in
Section III. The SVs’ trajectories, the true and estimated rover position, as well as the base UAV trajectory are
shown in Fig. 9. The position error was found to be 11.93 m. The PDOP was found to be 29.17. Assuming a
precision of λ/2 in the CD-LEO measurements, it is found that the position error obtained in this experiment is well
below the 1− σ bound.
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Fig. 7. Base/rover experimental setup of the CD-LEO framework.
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Fig. 8. (a) Sky plot showing the geometry of the 2 Orbcomm SVs during the experiment. (b) The measured Doppler frequencies using
the proprietary SDR and the expected Doppler calculated from the TLE for both Orbcomm SVs. (c) Measured and estimated ionospheric
and tropospheric residual delays.
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Fig. 9. Trajectory of the 2 Orbcomm SVs during the experiment, trajectory of the base UAV, and the rover’s true and estimated position.
Map data: Google Earth.

VI. CONCLUSION

This paper proposed a framework for positioning with CD-LEO measurements. The base/rover framework focuses
on the Orbcomm constellation and does not require prior knowledge of the rover’s position. The effect of ionospheric
and tropospheric delays on the carrier phase and CD-LEO measurements were discussed. The residual ionospheric



and tropospheric delays were studied as a function of the baseline, and it was found that a baseline of 2 km or less
keeps the residual delays negligible. Moreover, the PDOP was studied for the Orbcomm constellation, and it was
found that a less than unity PDOP may be achieved for 8-minute wait times. An experiment was conducted showing
a receiver positioning itself exclusively with CD-LEO measurements from 2 Orbcomm SVs with a position error of
11.93 m.
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