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Abstract—Modeling the link quality is essential in achieving
and maintaining stable communication and minimizing energy
consumption by controlling packet transmissions across a wireless
sensor network. The quality of the communication links is a
function of many variables including location, distance, direction
and time. In this paper, we investigate the statistical channel
models for spatial and temporal characteristics of link quality in
different environments. These investigations are based on three
metrics: received signal strength indicator (RSSI), packet loss
rate (PLR) and link quality index (LQI). Statistical models are
offered for all three parameters for both indoor and outdoor
cases. The best distributions modeling PLR, LQI and RSSI at a
certain distance are exponential, Weibull and normal respectively.
The best fit for the parameters of these distributions are the same
functions but with different constants for indoor and outdoor
environments. Moreover, the correlations in different directions
have normal distributions for all three metrics with absolute
means and variances less than 0.4. The variations of the link
characteristics over time on the other hand depends on the
average quality of the link which should be taken into account in
the design of upper layers. The temporal correlation of a link is
modeled by using a sinusoidal function the parameters of which
depend on the quality of the link. This is the first work to perform
a detailed quantification of time and space dependencies on the
link quality by using statistical models.

I. I NTRODUCTION
Wireless communication is known as unstable and unpredictable since the quality of a wireless link may vary
significantly over time or with slight displacements. Especially
for low power wireless communication, as used in wireless
sensor networks, this instability may be enormous.
Quality of communication links has a significant impact on
the performance metrics of wireless sensor networks such as
network lifetime, network throughput and reliability. Moreover, determining the spatial dependence of the quality of the
links allows deciding the best placement of the nodes and
mobility patterns to achieve a certain transmission success rate
from the sensor nodes to a data collection center. Furthermore,
the time dependence of the network quality may suggest
algorithms to determine when to transmit packets. The quality
of a link also depends on the communication environment,
modulation scheme, coding scheme and the communication
devices themselves.
There has been a lot of work evaluating the link quality
of wireless sensor networks. In [1], the results from measurements on a test bench of 26 motes show the existence
of links with high packet loss and link asymmetry. In [2], the
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packet delivery performance in dense wireless sensor networks
is discussed for a network of 60 motes in three different
environments. These are similar to our work but analyze the
CC1000 radio that is an older version of the current direct
sequence spread spectrum based CC2420 radio.
The most related paper to our work is [3] which describes
the spatial and temporal channel characteristics of CC2420
for a factory environment. However it is not clear how this
performance varies in different environments. As discussed in
[4] the reception rate and link asymmetry changes significantly
for different environments like outside or indoor.
Several empirical studies as [5] and [6] on wireless sensor
networks have proved that the radio quality and communication range varies in different directions resulting in an
irregular pattern of coverage and communication but there
has been no effort to build a mathematical model for these
irregularities. In [7] and [8] a statistical path loss model
is offered for the simulations but there has been no effort
to model neither Packet Loss Rate (PLR) nor Link Quality
Indicator (LQI). Also in [8] the correlation of shadowing
between different links are investigated. The correlation in
shadow fading between proximate links is also modelled in [9].
They also offered a joint path loss model to relate the shadow
fading on different links in a multi-hop network. However
the offered path loss models in any of these works was not
suggesting to exploit the angular dependencies for the path
loss model. A metric κ that captures inter-link correlation
is presented in [10]. Nevertheless the spatial or temporal
dependencies of κ factor, is not investigated, which is the part
related to our work.
Another aspect of link quality, which is mostly ignored, is
its temporal characteristics. Most of the work in the literature
focuses on spatial dependencies while ignoring the variations
in the link quality with the time. In a very limited number of
researches as in [11] the performance of the link quality over
time were discussed. They built a real-time reliability estimator
but without modelling the dependencies of link quality first.
In [12] β-factor, a metric to measure link burstiness, is introduced. They offered to use β-factor to calculate retransmission
time after encountering a packet failure. However, they only
considered the packet loss rate. In addition we also investigated
the correlation of the different times in a day and offered a
correlation function depends on average link quality.
The original contributions of this paper are two: First, we
quantify the spatial dependency of link quality for CC2420
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Fig. 1: Chi-square goodness of fit statistics for packet loss rate
at different distances (outdoor)

Fig. 2: Means of exponential distributions (outdoor)

radio in different environments and offer statistical models for
all three metrics: received signal strength indicator (RSSI),
packet loss rate (PLR) and link quality index (LQI). Second,
temporal characteristics of the link quality, which is usually
ignored previously, are investigated and modelled for several
links.
The rest of the paper is organized as follows: In Section
II, measurement setup is described. In Section III, the spatial
characteristics of the link quality are discussed for outdoor
and indoor environments. Section IV focuses on the temporal
characteristics of the communication link for a daily cycle.
Finally in Section V the paper is concluded with a summary
of the results and suggestions for further studies.
Fig. 3: Means of exponential distributions (indoor)
II. M EASUREMENT S ETUP
For our measurements we use Shimmer Platform which
includes a CC2420 radio and a GigaAnt Rufa SMD antenna
operating at 2.4GHz with a circular horizontal pattern. With
this setup, measurements are taken both in an empty parking
lot for outdoor and in a classroom of 14m by 14m size
containing 48 desks for indoor. To understand the spatial
characteristics of the link quality we placed the nodes on the
circles radiuses varying from 0 to 20 m for outdoor and from
0 to 7 m for indoor. To adjacent nodes on each circle on the
other hand are separated by 30 degrees for outdoor and 15
degrees for indoor.
To measure the link quality we use three metrics. First one
is packet loss ratio (PLR) that is defined as the ratio of the
number of lost packets to the number of transmitted packets.
In calculation of this PLR at least a thousand packets are
transmitted at each location. Second performance indicator is
received signal strength indicator (RSSI), which is provided
by CC2420 [13]. The third metric, link quality indication
(LQI), is a value related to the correlation between phase
shifts of incoming data and 802.15.4 symbols [14]. All data
are investigated to understand the effects of direction, distance
and time on the link quality and distributions are offered for
all three metrics.

III. S PATIAL C HARACTERISTICS
A. Packet Loss Rate (PLR)
To describe the dependency of the packet loss rate on
distance, the distribution of the values from different angles
at the same distance is investigated. Different theoretical
distributions are fitted to the empirical distribution and the
goodness of the fits are compared according to chi-square
test. For outdoor environments, only normal and exponential
distributions are accepted within the %5 significance level.
The corresponding chi-square stats are shown in Figure 1.
The exponential distribution perform best until 16 meters, after
17 meters normal distributions performs better. However the
points after 17 meters are considered as out of coverage since
the packet loss rate is more than %70. Figure 2 shows the
means of the exponential distributions. The best fit for the
mean follows an exponential increase as a function of distance.
In the indoor case since we measured up to 7 m all points
are in the coverage, hence the packet loss rate follows an
exponential distribution at all points. This is validated by using
chi-square test. The best fit for the means of the exponential
distributions are again modelled by using an exponential
function as shown in Figure 3.
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Fig. 4: PLR vs Angle (outdoor)
Fig. 6: µ and σ of lognormal distributions (outdoor)

Fig. 5: PLR vs Angle (indoor)

To understand the angular dependency of the link quality, PLR, RSSI and LQI metrics are investigated in polar
graphs. For outdoor case, Figure 4 illustrates the irregularity
of the PLR value for an empty parking lot. Even though
measurements are taken in an environment that is symmetrical
according to the center, the PLR values at the same distances
differ significantly in different directions. When the correlation
values for different angles are calculated, we observed that
the best fit for the correlation values has a normal distribution
with means close to zero. The means and variances of normal
distributions differ in the range from -0.2 to 0.1 and from -0.1
to 0.3 respectively.
Indoor measurements exhibit even more irregularity as
shown in Figure 5. Although for all links there exists a line
of sight path, the irregularity results from the large number of
reflectors in the class. The constructive and destructive interference of multiple paths interchange within small changes
in direction. Similar to the outdoor case, the bests fit for
the correlation values have normal distributions. Mean and
variances of the correlations are distributed in the range from
-0.1 to 0.1 and from 0.1 to 0.2 respectively. For both cases,
there is no obvious relationship between angular difference
and parameters of normal distributions.
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Fig. 7: µ and σ of lognormal distributions (indoor)

Fig. 8: RSSI vs Angle (outdoor)

Fig. 9: RSSI vs Angle (indoor)

Fig. 11: Shape and scale parameters of weibull distributions(indoor)

Fig. 10: Shape and scale parameters of weibull distributions
(outdoor)

Fig. 12: LQI vs Angle (outdoor)

B. Received Signal Strength Indicator (RSSI)
To investigate the dependency of the received signal strength
on distance, we used same chi-square test to find the best
fits. For both outdoor and indoor case, lognormal distribution
performs best. The estimated parameters of the lognormal
distributions follow the same model for both indoor and
outdoor environments.Figure 6 and 7 show the parameters µ
and σ as a function of the distance for outdoor and indoor
respectively.
The RSSI values shown in Figures 8 and 9 for outdoor and
indoor cases respectively both illustrate the irregularity similar
to the PLR case. The correlations of these RSSI values at
different angular differences are calculated. The best fit for
these correlation values has a normal distribution for both
indoor and outdoor. Even though they have same distributions,
the ranges of means and variances are different in each case.
For the outdoor case, the means and variances are in the range
from -0.3 to 0.15 and from 0.15 to 0.4 respectively whereas
for the indoor case the means are between -0.1 and 0.1 and
variances are between 0.1 and 0.3.

1155

Fig. 13: LQI vs Angle (indoor)

Fig. 14: Packet Loss Rate as a function of time

Fig. 16: Link Quality Indication as a function of time

Fig. 15: Received Signal Strength Indicator as a function of
time

Fig. 17: Correlation of Packet Loss Rate as a function of time
difference

C. Link Quality Indication (LQI)
The link quality indicator follows Weibull distribution for
both indoor and outdoor cases. Both scale and shape parameters of these distributions are shown as a function of distance in
Figures 10 and 11 for outdoor and indoor respectively. As the
distance increases both parameters decay. The scale parameter
follows a linear function while the shape parameter follows a
rationale function with linear nominator and denominator.
The representations of different LQI levels can be seen
in Figures 12 and 13 outdoor and indoor respectively. The
correlation of LQI levels again have normal distributions. The
means are in the interval of -0.15 and 0.05 and variances are
between 0.15 and 0.4 for outdoor. For indoor case, the means
of these normal distributions are again between -0.15 and 0.05
as the outdoor case whereas variances are concentrated in a
smaller interval from 0.1 to 0.2. Again it is no trend is observed
in the relation of angle.
IV. T EMPORAL C HARACTERISTICS
To maintain the stability of the link quality, its temporal
characteristics need to be investigated. The temporal quality
is investigated for three links with different qualities for a
day. The three links having average packet loss rates less than
0.01, around 0.05 and more than 0.10 are named as bad,

mediocre and good respectively. The performance changes
significantly from day to night. Since all the measurements
are done in a university campus, the interference coming from
other networks such as WLAN during the day is causing the
degradation of the link quality during daytime. Even though
the changes in the performance at different times of the day
are common for all links, the amount of these variations is not
same for different links. First of all as seen in Figure 15 the
variation of the RSSI value is relatively small over time, which
is reasonable since the path loss of the same route is almost
constant. For all three links the RSSI value stay within 5-6dB.
The variations for PLR and LQI metrics strongly depend on
the average quality of the link as seen in Figure 14 and Figure
16. The variances of degragation in their quality increases as
the average link quality decreases.
Figures 17, 18 and 19 show the correlation of the metrics
for different time differences up to 12 hours. All metrics have
high positive correlations for small time differences decreasing
down to −1 as time difference approaches to 12 hours. These
correlations illustrate that if we have a certain quality of
transmission at certain time; it is highly possible that the
quality is conserved during the next hour. Furthermore as seen
in the figures for all three metrics, the correlations can be
fitted with sinusoids with period of 24 hours so the temporal
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been shown to be the same functions for both indoor and
outdoor with different constants. Moreover, the best fit for
the distribution of angular dependencies is determined to be
normal distributions for all environments and all metrics. In
addition to spatial dependencies, this paper also analyzes the
effects of time on these performance metrics. A sinusoidal
correlation function is used to model correlation of link quality
between different hours of the day. The parameter of this
sinusoidal fit is shown to depend on the average quality of the
link. As a future work, we are planning to test the developed
models on a larger data set in different environments to
validate our results. Furthermore, the effects of using different
frequency bands on the link quality will be investigated.
Fig. 18: Correlation of Received Signal Strength Indicator as
a function of time difference

Fig. 19: Correlation of Link Quality Indication as a function
of time difference

correlations for all three metrics can be modeled as
2π|t2 − t1 | π
+ )
(1)
Corr(t1 , t2 ) = Asin(
24
2
where the value of amplitude A changes as a function of
the link quality. To validate these results and find out a
proper distribution for amplitude, these measurements must
be repeated in different environments.
V. C ONCLUSION
In this paper the statistical analysis of the channel measurements is performed to understand spatial and temporal dependencies of the link quality in different environments. This
work allows us to combine the effect of different variables such
as distance, direction and time on the link quality in wireless
sensor networks. The investigations are based on three metrics:
received signal strength (RSSI), packet loss rate (PLR) and
link quality index (LQI). Spatial dependency measurements
in previous works are extended in this paper by new environments and different setups to build a mathematical model
of the dependency on distance and angle. The dependency
of PLR, LQI and RSSI values on the distance are modelled
by exponential, Weibull and normal distributions respectively.
The best fit for the parameters of these distributions have
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