
  

  

A Novel Multi-Step Algorithm for Low-Energy 
Positioning Using GPS 

  

  

Daniel Örn, Martin Szilassy, Bram Dil and Fredrik Gustafsson 

  

  

Linköping University Post Print 
  

  

 

 

N.B.: When citing this work, cite the original article. 

  

  

Original Publication: 

Daniel Örn, Martin Szilassy, Bram Dil and Fredrik Gustafsson, A Novel Multi-Step Algorithm 
for Low-Energy Positioning Using GPS, 2016, Fusion 2016, 19th International Conference on 
Information Fusion, 1469-1476. 
 
Copyright: http://www.ieee.org/ 

 

Postprint available at: Linköping University Electronic Press 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-130236 

 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-130236
http://twitter.com/?status=OA%20Article:%20A%20Novel%20Multi-Step%20Algorithm%20for%20Low-Energy%20Positioning%20Using%20GPS%20http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-130236%20via%20@LiU_EPress%20%23LiU


A Novel Multi-Step Algorithm for Low-Energy
Positioning Using GPS
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Abstract—GPS is widely used for localization and tracking,
however traditional GPS receivers consume too much energy
for many applications. This paper implements and evaluates the
performance of a low-energy GPS prototype. The main difference
is that a traditional GPS needs to sample signals transmitted by
satellites for 30 seconds to estimate its position. Our prototype
reduces this time by three orders of magnitude and it can
compute positions from only 2 milliseconds of data. We present a
new algorithm that increases robustness by filtering on estimated
residuals instead of using an altitude database. In addition, we
show that our new algorithm works with both fixed and moving
targets. The solution consists of (1) a portable device that samples
the GPS signal and (2) a server that utilizes Doppler navigation
and Coarse Time Navigation to estimate positions. We performed
tests in a wide variety of environments and situations. These tests
show that our prototype provides a median positioning error of
roughly 40 meters even when the GPS receiver is moving at
80 kilometres per hour.

I. INTRODUCTION

The Global Positioning System (GPS) consists of a network
of satellites and control stations. Each satellite continuously
transmits GPS signals that contain information required for
localization. When a GPS receiver on the surface of the earth
has Line-Of-Sight (LOS) to a sufficient amount of satellites,
it can estimate its position with a horizontal accuracy of
9 meters and with a vertical accuracy of 15 meters [1]. This
paper theoretically and experimentally investigates how energy
consumption of GPS receivers can be reduced to allow for
extended periods of operation without severe loss of accuracy.

The two main contributors to the power consumption of
a GPS receiver are (1) turning on the GPS radio to sam-
ple GPS signals transmitted by satellites and (2) processing
sampled GPS signals to estimate the position. A traditional
GPS receiver performs both tasks locally. We use a similar
approach as in [2] to reduce energy consumption of GPS
receivers by performing the different tasks on physically
different devices with different resource constraints. This setup
consists of (1) a portable device that samples and stores
GPS signals transmitted by satellites and (2) a server that
processes the sampled GPS signals to estimate the position.
These devices differ in energy resources and computational
power. The portable device runs on batteries and has limited
energy resources. The server has no energy constraints and
high computational power. First, the required computations are
moved from the portable device to the server, which reduces
the energy consumption introduced by processing the sampled
GPS signals. Second and more important, the server can obtain

generic data such as satellite ephemeris via other means rather
than sampling GPS signals from satellites. This lowers the time
that the GPS radio has to be turned on by a factor of between
3000 and 15000 depending on how much data is collected
for each position estimate. The approach has similarities with
AGPS, where the position is calculated by a server and certain
data is obtained through other means than the satellite signal
[3]. However in our work we add several other components
to this, one being the use of Coarse Time Navigation (CTN)
meaning that time of transmission does not need to be decoded
from the GPS signal and thus the required sampling time is
decreased.

Low-energy GPS is an active research topic. An early
study within the field is LEAP [4], where the portable device
consumes 80% less energy than traditional GPS receivers.
This includes data transfer from the portable device to the
server. LEAP requires knowledge of a nearby landmark as a
reference location and uses hundreds of milliseconds of data
to provide a position estimate with an accuracy comparable
to traditional GPS. Rather than moving all processing power
to the server, the portable device performs the acquisition and
only needs to transfer 40 bytes of data per position estimate.
Our research is inspired by [2], which is an extension of LEAP.
[2] uses Doppler navigation in combination with CTN on top
of the abovementioned portable device-server architecture. It
provides a positioning accuracy of roughly 40 m using 2 ms of
data and consumes 0.407 mJ per position estimate. However,
these energy consumption calculations do not include the
energy costs of data transfer to the server from the portable
device.

There are two key differences between the positioning
algorithms described in [2] and the ones presented in this
paper. The first is how false positions are discarded in case
the positioning results in multiple possible locations. [2] bases
their final decision on an altitude database and the assumption
that the receiver is located on the surface of the earth. Our
approach is to first eliminate unlikely positions (outside the
range -500 to 9000 meters above sea level) and then base our
final decision on the residuals of the estimate. Thus we do
not depend on either an altitude database or that the receiver
must be located on the surface of the earth. The second major
difference is that we examine the possibility to use longer
chunks of data to detect outliers and thus improve robustness.

For evaluation purposes, we developed a server that pro-
cesses the sampled GPS signals to estimate the position. In



addition, we developed a hardware prototype that samples and
stores the GPS signal. We theoretically and experimentally
compare the energy consumption for both a traditional GPS
receiver and for the proposed solution. Likewise, we compare
the accuracy of the traditional GPS and our approach. In
comparison with [2], we extend the measurement setup to
both fixed and moving targets. Our experiments show that our
algorithm can cope with both types of targets.

This paper is arranged as follows. Section II describes tradi-
tional GPS, Section III the traditional GPS without navigation
messages, Section IV describes the implementation, Section V
shows the experimental results and finally Section VI presents
the conclusions. The paper is based on [5] where additional
details can be found.

II. TRADITIONAL GPS

GPS consists of 32 satellites orbiting the earth, continuously
transmitting GPS signals. This paper considers signals trans-
mitted by satellites at an operating frequency of 1575 MHz,
which is called the L1 signal and is available for civilian
use. Any GPS receiver can use these signals to determine its
absolute position when a sufficient amount of satellites are in
LOS. This section explains how the receiver is located, from
GPS signals to position estimate.

A. GPS system overview

A traditional GPS receiver estimates its position on the basis
of (i) position of the satellites and (ii) Time-Of-Flight (TOF)
of GPS signals to at least three satellites. The relationship of
the TOF t(k)tof and the range r(k) between the GPS receiver and
satellite k is expressed by

r(k) = t
(k)
tof c = ||s(k)p − xp||, (1)

where c denotes the propagation speed, s
(k)
p is the position of

satellite k and xp is the receiver position. In practice, t(k)tof is
calculated as the difference between the time of transmission
from satellite k t(k)t and time of receipt tr. However, the clock
of the GPS receiver is not synchronized with the clock of the
satellites. This introduces an error proportional to the clock
offset tcb between the satellite clock and receiver clock. The
receiver clock offset affects all measured ranges equally

r̄(k) = (tr + tcb − t(k)t )c, (2)

so that (1) reduces to

ˆ̄r(k) = ||s(k)p − xp||+ tcbc. (3)

An error in the time of transmission, referred to as coarse time
error, affects the assumed satellite position when the signal
was transmitted and thus the ranges. The satellite position s

(k)
p

equals the assumed satellite position s̄
(k)
p subtracted by the

distance travelled during the coarse time error tc

s(k)p = s̄(k)p − s(k)v tc, (4)

where s
(k)
v denotes the velocity vector of satellite k. When the

coarse time error is sufficiently small (<60 seconds [3]), the

A priori position

Receiver position

?xp

?r(k)

Fig. 1. Trilateration in a GPS receiver

velocity s
(k)
v in (4) can be assumed constant and the coarse

time error can be accounted for. The next subsection describes
how a GPS receiver obtains the required information from the
GPS signals transmitted by satellites to calculate its position.

B. GPS Signals

The signal sent out from each satellite consists of a naviga-
tion messages xored with the C/A codes of the satellite. For
details about the GPS signal modulation, we refer to [6]. Both
the navigation messages and the C/A code contain information
required for estimating the position of the GPS receiver.

Transmitting and receiving a navigation message takes
30 seconds and contains the required information about satel-
lite health, ephemeris data and almanac data. In other words,
the navigation messages contain information about the position
s
(k)
p in (3) and the velocity vector s

(k)
v in (4) of the satellites.

In addition, the navigation messages contain information about
the time of transmission t(k)t in (2) and information about the
drift of the satellite clock tc in (4). The time of transmission
information has a resolution of 1 millisecond, which provides
a resolution of 300 km in space. The sub millisecond part
(subMS) is extracted from the phase of the C/A code. For
details about the structure and content of the navigation
messages, we refer to [7].

All GPS satellites transmit navigation messages at the same
carrier frequency. Messages from different satellites are dis-
tinguished from each other by Code Division Multiple Access
(CDMA). Each satellite has a unique C/A code which is used
to identify the satellite. This code is transmitted together with
the navigation message and is repeated every millisecond.
The C/A codes are pseudo-random noise (PRN) sequences,
also known as Gold codes, consisting of 1023 chips. The
PRN sequences are deterministic sequences but with properties
similar to those of noise [8]. The most important property of a
PRN code is that it has nearly no cross-correlation with other
PRN codes; and a PRN code does not correlate well with
itself unless there is zero lag [6]. As indicated before, the sub
millisecond part of the time of transmission (t(k)t in (2)) is
calculated by cross-correlating the C/A codes.

C. Traditional GPS Localization

The goal is to find the unknown receiver position xp given
the satellite positions and measured pseudoranges r̄(k), a
process called trilateration. If there are at least four satellites
in view it is possible to determine a position xp and bias tcb



from (3). The unknowns in (3) are chosen as states and form
the state vector

z =

[
xp

tcb

]
. (5)

The state vector needs to be initialized with an a priori state.
After initialization it is possible to predict pseudoranges given
satellite positions, speeds and clock errors. The differences
between measured and predicted pseudoranges are

δr = r̄(k) − ˆ̄r(k). (6)

[3] states that δr can also be computed from the difference
between current state vector z and true state vector z∗

δz = z− z∗ =

[
δxp

δtcb

]
, (7)

as
δr = Hδz + ε, (8)

where ε contains measurement errors as well as linearization
errors introduced in (9) and H is referred to as the observation
matrix

H =


−~e(1) c

...
...

−~e(k) c

 , (9)

where ~e(k) is the LOS unit vector between the estimated
position and satellite k

~e(k) =
s
(k)
p − xp

||s(k)p − xp||
. (10)

The least squares solution to (8) is δẑ = (HTH)−1HTδr.
The solution contains some error due to linearization. The state
vector z can be updated with δẑ iteratively until a good enough
solution is found

z0 =

[
xp,0

tcb,0

]
zi = zi−1 + δẑi−1, i = 1, 2 . . . N

. (11)

See figure 1 for the geometrical relationship of the variables
in this iterative method. Note that the problem can be solved
by any iterative least-squares method.

III. GPS POSITIONING WITH C/A CODE AND WITHOUT
NAVIGATION MESSAGES

The previous section showed that receiving one navigation
message takes 30 seconds, while the code phase can be
received in 1 millisecond. Receiving the navigation messages
puts a large burden on the energy resources of the GPS
receiver. Coarse Time Navigation (CTN) addresses the issue of
estimating positions with the C/A code and without navigation
messages [3]. CTN reduces the time that the GPS radio has to
be turned on by a factor of 15000 when 2 milliseconds of data
is used instead of 30 seconds. However, without the navigation
message the time of transmission is unknown. The code phase

from the acquisition provides the sub millisecond part of the
TOF measurement, so that the millisecond part needs to be
estimated. As we will show, this requires an a priori position
estimate with an accuracy of at least 150 km. CTN uses the
time of receipt as a coarse time reference, hence the name
coarse time navigation. The difference between the exact time
of transmission and coarse time is referred to as the coarse
time error. Compared to the common bias tcb that affects
measurements from different satellites equally, the coarse time
error tc affects the measurements differently depending on
the velocity of the satellite. The satellite ephemeris must be
available a priori or from another source. Our prototype uses
CTN in combination with Doppler navigation to estimate a
position.

A. Account for the Coarse Time Error when Estimating Posi-
tion

As the time of receipt is used as a coarse time of transmis-
sion, CTN introduces a coarse time error affecting the assumed
satellite positions”. Since the satellites travel relatively fast
(roughly 3.87 km/s [6]), the contribution to the position
estimate can be significant, even if the receiver offset is
only a couple of seconds. Extending the previously proposed
state vector in (5) with the coarse time error and using the
relationship in (4) yields

z =


xp

tcb

tc

 , (12)

and

H =


−~e(1) c v(1)

...
...

...

−~e(k) c v(k)

 . (13)

As in (9), H is referred to as the observation matrix, ~e(k) is the
LOS unit vector between the estimated position and satellite
k. v(k) is the relative speed between the receiver and satellite
k along the LOS vector, compensated with the clock error rate
in the satellite

v(k) = s(k)v • ~e(k) − ṡ(k)ce c (14)

Just as when the position is estimated using 4 states, the
difference in predicted and measured pseudorange is expressed
as (8) and the states are iteratively updated with δz until a good
enough solution is found

z0 =


xp,0

tcb,0

tc,0


zi = zi−1 + δẑi−1, i = 1, 2 . . . N

. (15)



B. Reconstructing Pseudoranges

When the navigation message is not decoded, only the
subMS part is known (from the code phase of the C/A code)
and the millisecond (NMS) part is unknown. This means that
the TOF is only known modulo 1 ms, which corresponds to
the pseudorange being known modulo 300 km. To compute the
pseudorange residual δr, the measured fractional pseudorange
must be reconstructed to a full pseudorange. Assume that the
TOF t

(k)
tof from satellite k is split into NMS n(k) subMS a(k)

as
a(k) = t

(k)
tof mod 10−3, (16)

and
n(k) = t

(k)
tof − a

(k). (17)

The measured code phase of the C/A code τ (k) is essentially
the same as a(k), but with bias added due to the receiver clock
offset.

[3] proposes several ways of computing the TOF from
the fractional measurement, in particular reconstructing n(k).
When reconstructing n(k), care has to be taken to avoid integer
roll over problems caused by the unknown common bias tcb.
In order to find correct n(k), a good enough a priori knowledge
of the true location is required. The measured TOF is then
expressed as

n(k) + τ (k) = t̂
(k)
tof − d

(k) + tcb + ε(k), (18)

where t̂(k)tof is the predicted TOF to the a priori position from
satellite k, and d(k) is the TOF error introduced by the distance
between the a priori position and the true position. ε(k)

includes measurement errors and tcb represents the common
bias due to the receiver clock offset.

The solution is to assign integers n(k), so that all re-
constructed measurements get the same bias. Assuming the
a priori position has an accuracy of at least 300 km, the
most straightforward solution is to floor the predicted TOF
to the nearest integer millisecond and then add the measured
fractional TOF to obtain the full TOF. However, any common
bias tcb that adds to the predicted TOF in a way that produces
a value close to a millisecond roll over can potentially cause
problems if the unknown measurement error ε(k) causes a
millisecond roll over. In fact, no matter how good the a priori
position estimate is, there is no guarantee that tcb and ε(k)

does not yield an erroneous millisecond roll over.
To overcome the integer roll over problem, one of the satel-

lites is chosen as reference satellite (denoted by superscript
0). Any integer can be assigned to n(0) to reconstruct the
pseudorange for the reference satellite. The choice of n(0)

affects the common bias, since the common bias tcb has two
components; one integer millisecond part depending on the
value assigned to n(0) and one sub millisecond part that comes
from measurements. It is possible to use this assigned integer
to reconstruct n(k) for remaining visible satellites in a way
that avoids erroneous roll overs given that the sum of unknown
errors is sufficiently small.

By taking the difference between (18) for each satellite and
the reference satellite

n(k) = n(0) + a(0) − a(k) + t̂
(k)
tof − t̂

(0)
tof + α, (19)

where
α = −d(k) + ε(k) + d(0) − ε(0), (20)

the common bias cancels out. n(k) is an integer by definition,
but the right hand side of (19) is not an integer since the error
term α is not 0. However, by assuming α to be smaller than
0.5 ms, the integer value is obtained by a rounding operation

n(k) = bn(0) + τ (0) − τ (k) + t̂
(k)
tof − t̂

(0)
tofe, (21)

where the true sub millisecond part a(0) is replaced by the code
phase measurement τ (k) = a(k) + ε(k) +(tcb mod 10−3) and
the full time of flight is reconstructed as

t
(k)
tof = n(k) + τ (k). (22)

C. Rough Positioning using Doppler Navigation
The concept of Doppler navigation is to use Doppler

frequency shifts to determine a rough position estimate. A
received Doppler shift provides information regarding the
relative velocity between satellite and receiver. By assuming
the receiver velocity to be relatively small and retrieving the
satellite velocity from ephemeris data, the relative velocity can
be used to calculate an angle between the satellites velocity
vector and the line of sight vector between receiver and
satellite. This results in a cone around the velocity vector of
each satellite with possible receiver positions on the surfaces
of the cones.

By using at least four satellites (three for room dimensions
and one for unknown local oscillator frequency offset in the
receiver), the position can be estimated using an iterative least
squares solution as suggested in [3]. This solution can be
visualized as finding the intersection of the cones’ surfaces
from at least four satellites.

δr = Hδz + ε, (23)

where δr is the vector of predicted pseudoranges subtracted
from measured pseudoranges, H is defined as in Equation (9)
and δz is the vector of state updates and contains receiver
position update δxp and receiver clock offset update δtcb.
Differentiating both sides of (23) with respect to time and
defining δy as predicted Doppler shift (ˆ̄y) subtracted from
measured Doppler shift (ȳ) yields

δy = ȳ − ˆ̄y =
δr

t

fL1
c

=

(
Hδż +


−~̇e(1)

...

−~̇e(K)

 δxp + ε′
)
fL1
c

,

(24)
where Hδż corresponds to receiver velocity, fL1 is the L1 fre-
quency, ε′ is the differentiated measurement and linearization
noise and

~̇e(k) =

(
s(k)v − ~e(k)(~e(k) • s(k)v )︸ ︷︷ ︸

satellite velocity in direction
of LOS

)
1

r(k)
. (25)
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Fig. 2. Overview of hardware components.

By assuming the receiver velocity to be zero, (24) reduces to

δy =

(
−~̇e(1) 1

...
...

−~̇e(K) 1


︸ ︷︷ ︸

H̃

[
δxp

δ ˙tcb

]
︸ ︷︷ ︸
δz̃

+ε′
)
fL1
c

. (26)

The least-squares solution to (26) is

δˆ̃z =
c

fL1
(H̃TH̃)−1H̃Tδy (27)

The modified state vector z̃ can then be updated iteratively
with δˆ̃z as described in Equation (11) until a good enough
solution is found.

IV. IMPLEMENTATION

The implemented components are (1) a portable device that
samples data and (2) server software that processes data to es-
timate a position. This section describes the implementation of
the required software and hardware components. The portable
device implementation section describes the components used
in the device as well as how they are modified to suit
this application. In the server implementation section, three
important components are described: acquisition, rough initial
positioning using doppler navigation and fine positioning using
CTN.

A. Hardware Components

The core components used have a high potential of being
energy efficient, but we opted to use evaluation kits and gen-
eral purpose boards rather than designing an optimized circuit.
See Fig. 2 for an overview of the hardware components.

We use an Arduino Due (DUE) as the central unit [9]. The
central unit controls the GPS receiver and SD-card with the
SPI interface. The GPS receiver is a Max2769, which is a
configurable RF front end that down converts the L1 signal to
an IF, digitizes it and outputs the digital data on a 4-bit parallel
port [10], [11]. The data is stored on an SD-card that can be
removed and inserted into a computer. We use the SD-card
shield [12], which fits on top of the DUE.

B. Server implementation

The first step on the server is to perform acquisition.
Acquisition is the process of determining what satellites are in
LOS. This is done by correlating the C/A code of each satellite
with the incoming signal and the output of the acquisition is
the C/A code phase as well as the Doppler shift of the satellite.
This information is used as input to the positioning algorithms
described below.

The positioning implementation is divided into rough po-
sitioning, using Doppler navigation (see Section III-C) and
fine positioning using a grid search and CTN navigation (see
Section III-A).

Given the Doppler shifts of at least four satellites, the
Doppler Navigation outputs a rough position estimate used
as initial guess in the fine positioning algorithm. The Doppler
navigation requires no a priori information and the starting
position for the algorithm search is the center of the earth.
The accuracy of the estimated position is proportional to the
accuracy of the measured Doppler shifts, a measurement error
of 1 Hz results in a positioning error of roughly 2 km [3]. The
frequency bins used in the acquisition are 500 Hz wide, which
implies a positioning accuracy of 500 km. In addition, noise
can cause the peak to appear in the wrong bin and thereby
add more error to the rough position estimate.

The fine positioning algorithm utilizes CTN navigation and
outputs a final position estimate. The initial guess of the
position estimate has to be within 100 km of the true position
in order to assure convergence for the CTN algorithm [3]. As
described above, the rough position estimate, using Doppler
navigation, fails to achieve this positioning accuracy. To solve
this issue, a grid search is implemented. The center point of
the grid is the rough position estimate, where the altitude is
set to zero. A 21× 21 grid is created around the center point
with a distance of 100 km between the grid points. Thereafter,
the CTN algorithm is run for each of the 441 initial position
estimates and thus provides 441 candidate positions.

The candidate positions are filtered on altitude, where all
positions with an altitude outside the range [−500, 9000] m
are discarded as false positions. This filtering is reasonable
as the surface of the earth limits the altitude (the lowest
altitude on land is the dead sea, 429 m below sea level, and
the highest altitude on land is the summit of Mt. Everest,
8848 m above sea level). Remaining candidate positions are
filtered on residuals where all candidate positions with a
residual greater than 0.01 m are discarded. A residual is
the difference between predicted and expected position and a
high residual indicates a bad estimate. The threshold value of
0.01 m has been selected through empirical testing. The final
position estimate equals the remaining candidate position if all
remaining candidate positions are the same. The positioning
algorithm fails to converge when the remaining candidate
positions are different.

V. EXPERIMENTAL RESULTS

This section presents the results and is divided into acqui-
sition, measurement quality and positioning.
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Fig. 3. Peak ratios of discovered and non discovered satellites.
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Fig. 4. Number of satellites found depending on data length in acquisition.

A. Acquisition

The data length directly affects the outcome of the acqui-
sition. By looking at the relationships between number of
milliseconds used and peak magnitude as well as number
of satellites discovered, conclusions regarding the acquisition
algorithm can be made.

The correlation peak of discovered satellites should increase
with more data while the peak of non discovered satellites
should remain the same. Fig. 3 shows the average peak ratios
of discovered and non discovered satellites in the sampled data.
Fig. 4 displays the average number of satellites discovered as
a function of number of milliseconds used in acquisition.

The correlation peaks of detected satellites become clearer
when more data is used. However, Fig. 3 shows that using
more data has no significant impact on the noise floor. This
behaviour is to be expected and suggests that more data is
better when doing acquisition. Fig. 4 shows that when longer
data sets are used, the acquisition algorithm fails to detect
satellites. The optimal data length for acquisition is 2 ms
according to Fig. 4. We suspect that this is caused by the
increased likelihood of a bit change in the navigation message
as the length of data increases.

B. Measurement quality

The measurement quality is evaluated by looking at the size
of the code phase measurement spread within each chunk. The
code phase measurement difference within each chunk, for the
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Fig. 5. Code phase differences within each chunk.

data sets presented in Section V-C, is displayed in Fig. 5. The
bin width is 1000/fs and the chunk length is 10 ms.

The quality of the measurements directly affects the quality
of the position estimates. Consider sampling continuously for
10 ms and dividing the data into five parts, each of length 2 ms.
The code phase difference between the parts should then be
equal to the distance difference between receiver and satellite
divided by the speed of light. The highest speed along the line
of sight vector between a satellite and a receiver on earth is
800 m/s, given that the receiver is not moving [3]. This means
that between two parts, the maximum distance change between
satellite and receiver equals 3.2 m. This distance difference
results in a code phase difference of 0.01 µs. With a sampling
frequency of 16.368 MHz, the code phase resolution equals
0.06 µs (1/fs). Since the maximum code phase difference
(0.01 µs) is smaller than the resolution (0.06 µs), the code
phase measurement should not change more than one step
between two consecutive parts. That is, in Fig. 5, no values
should be outside the three center bins. However, this is not
the case. The majority of the measurement differences appear
within these three bins, but the values that appear outside these
bins indicate that the impact of measurement noise should not
be neglected.

As stated above, a sampling frequency of 16.368 MHz
results in a code phase resolution of 0.06 µs. This resolution
corresponds to a time of flight resolution of 18 m. However,
due to the measurement accuracy revealed by Fig. 5, this
accuracy can not be expected when using information from
only one part. The code phase differences are shown in Fig.
5 together with a fitted normal distribution. The standard
deviation is 0.0839 µs. Assuming that the mean value of the
measurements is equal to the true value, this gives a 95%
confidence interval for the time of flight estimate error of 49 m.

C. Positioning

This section presents the positioning results obtained from
the different data sets sampled with our prototype. In total
thirteen sets have been collected of which five are discarded
due to low numbers of discovered satellites. The remaining
eight sets are further analyzed.



TABLE I
POSITION ESTIMATE OUTCOME USING EITHER 2 OR 10 MS OF DATA.

Measuring time Converged Too few sats Failure

2 ms 87.9% 8.8% 3.3%
10 ms 93.3% 6.7% 0.0%

All data sets, apart from one, were collected while being
stationary. One data set was collected while driving along a
road. The antenna was positioned on a flat surface, 1 to 2 m
above the ground for all sets except one where it was lying
on the ground. Each data set consists of chunks of length
10-20 ms. A chunk consists of data that were sampled con-
secutively without any pause. The time between two chunks
is 10-15 s. A chunk is divided into several parts, each part of
length 2 or 10 ms. A position estimate can be retrieved for
each part and can have three possible outcomes (1) Position
estimate converges, (2) Too few satellites and (3) Estimation
fails. In cases (2) and (3), the server cannot compute a position
estimate. Although it is possible to calculate a position with
our approach using only 1 ms of data, 2 ms is selected as
the lower limit to mitigate that the event of a bit change in
the sampled data results in a failed positioning. The 10 ms
chunks are used to evaluate whether it is possible to increase
robustness and accuracy in the positioning by using more data.
The quality of the converged estimates is evaluated by the
distance to the ground truth. The ground truth is measured by
a smartphone with built-in GPS receiver.

1) Using parts of length 2 ms: The results presented here
are the positioning results when the program is run on sampled
data parts of length 2 ms. Table I presents the distribution of
the position estimates and Table II presents statistics for the
converged positions.

Table I shows that 88% of the parts converge to the true
location, in 9% of the parts not enough satellites are found and
in the remaining 3% of the parts the positioning algorithms
fail to converge. When the algorithms fail to converge, it is
in several instances the case that a false satellite is detected.
A false satellite detection is when a satellite is considered
visible while it is theoretically impossible to see the satellite
from the true location. The amount of parts in which too
few satellites are found varies between 0% and 24% between
the data sets. This difference can have several explanations,
such as elevation of the antenna, atmospheric conditions and
satellite constellation.

Table II shows that the average two dimensional error is
approximately 40 m. This is similar error achieved by [2] when
a single chunk is used for positioning. A few outliers have
positioning errors up to 669 m.

2) Using parts of length 10 ms: A 10 ms chunk is divided
into five parts. Acquisition is run for each part and thus
five sets of code phase and Doppler shift measurements are
retrieved. The measurements are retrieved for all visible satel-
lites and the median measurement values are used for further
processing. Table I displays the distributions and Table II

TABLE II
MEAN, MEDIAN AND MAXIMUM HORIZONTAL ERROR IN METERS USING

EITHER 2 OR 10 MS OF DATA.

Measuring time Mean Median Max

2 ms 43 38 669
10 ms 31 31 91
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(b) Zoomed in figure.

Fig. 6. Position error as a function of number of satellites, using 2 ms of
data for positioning.
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Fig. 7. Position error as a function of number of satellites, using 10 ms of
data for positioning.

displays the statistics for all position estimates using 10 ms of
data.

Compared to using 2 ms of data, using 10 ms reduces
the spread of the estimates and removes severe outliers (see
Table II). It also increases the amount of estimates that
converge to a position, from 87.9% to 93.3%.

The largest gain from using more data is the reduction of
outliers. The maximum two dimensional error is reduced from
669 m to 91 m, which makes a big difference for reliability
of the solution. In addition, the mean and median errors are
reduced, from 43 m and 38 m respectively to 31 m. By
comparing the 2 ms and 10 ms results in Table II it is clear
that using more data reduces the spread in position estimates.

3) Impact of the amount of satellites: The amount of
satellites found by acquisition can differ for different input
data. Fig. 6 and 7 display this relation when 2 ms and 10 ms of
data are used for positioning. The boxes in the figures contain
50% of the data points and the maximum whisker length is
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Fig. 8. Position estimates for when receiver is moving. Final position
estimates are shown in red and ground truth in green.

1.5 times the size of the box.
In Fig. 6, the three worst estimates, all having an error

above 200 m, occur when positions are estimated with data
from only five satellites. If more satellites are discovered, these
outliers are reduced. An increase in the amount of satellites
generally results in a smaller positioning error. An exception
is found when more satellites than nine are used, both ten and
eleven satellites has a higher median error than nine satellites.
However these categories contain few data points.

Fig. 7 displays that the median error as well as the spread
decreases with the number of satellites. Also in this case there
is an increase in positioning error median when ten satellites
are compared to nine.

4) Estimating position while the receiver is moving: One
data set was collected while driving along a road to evaluate
the impact of movement. The data was collected while the
receiver was moving at speeds up to 80 km/h. In Fig. 8a the
resulting position estimate is shown when 2 ms of data are
used, in Fig. 8b 10 ms of data are used. A visual inspection
of these figures shows that the overlap between ground truth
and estimated position is high and it seems to be evident which
road has been driven on. However, to fully evaluate the impact
of movement on the positioning results, further analysis has
to be carried out.

VI. CONCLUSION

The average positioning error of our low-energy prototype
GPS receiver has been shown to be roughly 40 m. A traditional
GPS receiver achieves a positioning accuracy of 9 meters. The
accuracy of the solution improves when more data is used,
however the sampling frequency entails a theoretical accuracy
limit of 1/fs, which implies that a sampling frequency above
33 MHz must be used to achieve a theoretical accuracy of 9
m. The bias occurring in several of the estimates can not be
dealt with by using additional data. A drawback of the solution
is the outliers that have a much larger positioning error than
40 m. It is shown that these can be dealt with by increasing
the sampling time from 2 ms to 10 ms, which enables use
and comparison of several measurements for each position
estimate. Using more data also has a negative impact as it
induces a higher energy consumption and the need for more
data storage. Our measurements validate that residuals can be

used to filter outliers instead of using an elevation database. In
addition our experiments show that our approach is applicable
for stationary as well as moving targets.
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