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Fig. 2. Probability of the transition to the following road segments at low-,
medium-, and high-traffic conditions for the urban road of different segment
lengths.

Fig. 3. Probability of the transition to the following road segments for the
suburban roads of different segment lengths.

of runs in the training data, and Tr is the number of data points
corresponding to the rth run in the training data, is given as
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j = k and 0, otherwise; the numerator is the number of
transitions of magnitude k; and the denominator is the total number
of transitions. We observe that the transition probability significantly
varies depending on the location and traffic conditions of the roads,
contradicting the common assumption of the HMM-based localization
literature that the mobiles move only to the adjacent grid cells or
adjacent road segments.

The analysis of many histograms of the observed RSSI values from
many base stations shows that the histogram has a Gaussian shape
if enough RSSI samples are collected from the base station in the
corresponding road segment. The number of RSSI samples required
for the Kolmogorov–Smirnov test, with a 95% confidence interval to
decide for the Gaussian distribution of these RSSI samples, is less than
30 in all the segments of different lengths over all the roads used for
the evaluation. (The Kolmogorov–Smirnov test is a nonparametric test
for the equality of continuous 1-D probability distributions comparing
a sample distribution with a reference probability distribution).The
number of samples required to estimate the mean and variance of

the Gaussian distribution of the RSSI samples with 90% accuracy
is around 30. Given that the number of samples collected from the
segment lengths that are greater than or equal to 10 m, which are used
in the evaluation of the algorithm, in each run of the training data is
more than 4, the total number of samples from ten runs of the training
data, i.e., 40 samples, will be enough to estimate the mean and variance
of the Gaussian distribution with 90% accuracy.

Let us denote the mean and variance of the best Gaussian fit to
the RSSI histogram of the ith base station at the jth road segment
corresponding to state sj by mj,i and σ2

j,i, respectively. Recall that
bjk is the emission probability of an observation vector vk in state sj .
Let us define the cost of observing vk in state sj , which is denoted cjk,
as the normalized logarithm of bjk. Based on the assumption that the
samples from different base stations are independent, cjk is given by
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where Zp is the number of base stations for which both mj,i and
vk,i are negative. This is very similar to the previously proposed cost
functions defined as the distance between RSSI vectors, as in [3] and
[11], except the weighting factor as a function of the variance, giving
less weight to the observation with high variance.

The sampling period τ , the segment length L, the road, and traffic
conditions on the road affect the values of both the transition and
emission probabilities, but the algorithm works as long as the same
τ and L values, the same road, and the same traffic conditions are used
in both the training and tracking phases.

B. Tracking Phase

During the tracking phase, the mobile phone only sends the RSSI
vector information to the central server so that the server identifies
the most likely sequence of the road segments traveled by the user,
i.e., states Q = (q1 , q2 , . . . , qT ), given the sequence of the observed
RSSI vectors, i.e., observations O = (O1 , O2 , . . . , OT ), where T is
the number of observations. Since the parameters of the HMM are
estimated during the training phase, the Viterbi algorithm is used to
estimate the most likely sequence of the road segments [17].

V. PERFORMANCE EVALUATION

A. Localization Error Comparison at Different Traffic Conditions
in Different Locations

Figs. 4 and 5 compare the accuracy of the proposed HMM-based
technique using the statistics of the driver and RSSI measurements
at each road segment, which is denoted S-HMM, with the previously
proposed HMM technique called Ctrack [11] for urban and suburban
roads, respectively. Ctrack is actually developed as a two-pass HMM,
which first determines a sequence of grid cells corresponding to an
input sequence of GSM fingerprints and then matches the grid cells to
a road. The cost of the observed RSSI vector is a weighted function
of the Euclidean distance and the number of matching base stations
between the observed vector and each RSSI vector in the training
database. Ctrack assumes uniform transition probability from the
current grid cell to each of the adjacent cells and is adapted here for the
localization on the road. We observe that the median localization error
for Ctrack is very large for small and large segment lengths, whereas
S-HMM has a stable localization error due to the inclusion of the driver
and RSSI statistics. Moreover, the median error of S-HMM is smaller
than that of Ctrack for all segment lengths.

Fig. 6 shows the cumulative distribution function (cdf) of the local-
ization error on the suburban road in Berkeley, CA, USA, for S-HMM,
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Fig. 4. Comparison of the median error of the proposed S-HMM algorithm
with the previously proposed HMM technique called Ctrack at low-, medium-,
and high-traffic conditions for the urban road.

Fig. 5. Comparison of the median error of the proposed S-HMM algorithm
with the previously proposed HMM technique called Ctrack for the suburban
roads in different locations: Istanbul, Turkey, Berkeley, CA, USA, and New
Delhi, India.

Ctrack, and a deterministic algorithm called K-nearest neighbor
(KNN) [18]. In the KNN algorithm, all the collected RSSI vectors and
the corresponding GPS locations are stored during the training phase.
During the tracking phase, the received RSSI vector at an unknown
location is compared with all the RSSI vectors stored in the database,
and its location is estimated as the average of the GPS locations of the
K-closest RSSI vectors in terms of Euclidean distance. We observe
that the localization error for S-HMM is always to the left of the
Ctrack and KNN algorithms for all the segment lengths. The cdf of the
localization error for the urban road and suburban roads in Istanbul,
Turkey, and in New Delhi, India exhibits a similar behavior.

B. Effect of Including Driver and RSSI Statistics

Fig. 7 shows the effect of including the driver and RSSI statistics
on the localization error by comparing the performance of S-HMM
to variations of S-HMM, including different transition probabilities
and different cost functions for the urban road at medium traffic in
Istanbul, Turkey. Since the behavior is similar for the other traffic
conditions and locations, we did not include separate graphs for them.
S-HMM uses driver and RSSI statistics to determine the transition
probability matrix and emission probability of the HMM, respectively.
“S-HMM w/ Ctrack cost” and “S-HMM w/ Manhattan cost” use

Fig. 6. CDF of the localization error of S-HMM, Ctrack, and KNN algorithms
for the suburban road in Berkeley, CA, USA.

Fig. 7. Analysis of the effect of including the driver and RSSI statistics on the
localization error for the urban road at medium traffic.

driver statistics to determine the transition probability matrix but use
the Ctrack cost function and the Manhattan cost for emission score,
respectively. The Manhattan cost of the observed RSSI vector is
defined as the Manhattan distance between the observed vector and
each RSSI vector in the training database [8]. “S-HMM w/ equal
trans.prob.,” on the other hand, uses RSSI statistics to determine the
emission probability but uses uniform transition probability to the
adjacent segments. We observe that the Ctrack cost performs worst
as the segment length increases, whereas the Manhattan cost is more
stable but still performs worse than S-HMM. The cost function is
the main reason for the increase in the localization error of Ctrack
as the segment length increases. When we compare S-HMM with
“S-HMM w/ equal trans.prob.,” we see that the assumption of uniform
distribution for the transition probability is the main reason for the
steep increase in the localization error of Ctrack as the segment length
decreases. However, interestingly, the localization error of “S-HMM
w/ equal trans.prob.” is smaller than that of S-HMM when the segment
length is above 40 m. The main reason is that our implicit assumption
of memoryless transitions between road segments in determining the
statistics of the driver’s behavior loses validity as the segment length
increases. As the segment length increases, we may need to include the
state duration density in the HMM [19].
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C. Energy Consumption Comparison

The cell phone is expected to operate in the tracking phase after
a short training period. The training can be also done by using some
voluntary mobile phones only. Since cell phones continuously track
base stations as part of their normal operation, the marginal energy cost
of the tracking phase is driven by the CPU load to process base station
signatures and to send this information to the central server. Processing
a cell tower signature might require at most 100 000 instructions,
which costs at most 30 μJ on an ARM Cortex-A8 processor. The
energy required to send the packets depends on how frequently the data
are uploaded to the central server. A negligible amount of additional
power is consumed if the collected data are compressed using simple
gzip compression and are sent every minute [11]. Acquiring cell-phone
signatures with a period of 2 s therefore results in power consumption
of 15 μW. The power consumption of GPS on the other hand is
measured to be around 400 mW [11], which is several orders larger
than that of the GSM-based localization.

VI. CONCLUSION

In this paper, we have proposed a statistical fingerprinting approach
to position a mobile device that follows any predetermined route
by using RSSI measurements recorded from at most seven cellular
base stations in the course of the normal operation of GSM-based
mobile phones with minimal energy consumption. We incorporate the
route constraint for the motion of the vehicles by using an HMM.
We demonstrate that training the HMM based on the average driver
statistics on the road and the probabilistic distribution of the RSSI vec-
tors in each road segment considerably improves the accuracy of the
previously proposed HMM-based techniques and provides localization
performance robust over different segment lengths by using extensive
cellular data collected in Istanbul, Turkey; Berkeley, CA, USA; and
New Delhi, India.
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Energy-Efficient Water-Filling with Order Statistics

Ismael Gomez-Miguelez, Vuk Marojevic, and Antoni Gelonch

Abstract—This paper proposes a methodology based on order statistics
to study the energy-efficient (EE) power allocation for wireless communi-
cation transmitters. Water-filling power allocation maximizes the EE when
transmitting and processing power consumption is considered. Solutions
are typically presented in an iterative form, which complicates analysis
and adaptive implementation. Time-consuming simulations are rather
required to assess their performance. Order statistics allows analyzing
the solution without knowledge of the channel realization. We analytically
show how the EE depends on the system parameters. The computing effi-
ciency of our proposal, which is executing one or two orders of magnitude
faster than the state-of-the-art algorithms with a performance loss of less
than 1 dB, facilitates its applicability in vehicular environments.

Index Terms—Energy efficiency (EE), link adaptation, ordered statis-
tics, water-filling.

I. INTRODUCTION

The energy consumption of wireless communications networks
contributes to the escalation of the greenhouse effect, which has
been recognized as a major threat to environmental protection and
sustainable development. Sophisticated data services and the always-
on concept of battery-operated systems impose significant energy man-
agement challenges. Energy-efficient (EE) transmission architectures
and technologies are therefore needed for mobile terminals and base
stations alike.
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