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Abstract—We conduct the first detailed measurement analysis
of network resource usage and subscriber behavior using a large-
scale data set collected inside a nationwide 3G cellular data
network. The data set tracks close to a million subscribers over
thousands of base stations. We analyze individual subscriber
behaviors and observe a significant variation in network usage
among subscribers. We characterize subscriber mobility and
temporal activity patterns and identify their relation to traffic
volume. We then investigate how efficiently radio resources are
used by different subscribers as well as by different applications.
We also analyze the network traffic from the point of view of the
base stations and find significant temporal and spatial variations
in different parts of the network, while the aggregated behavior
appears predictable. Broadly, our observations deliver important
insights into network-wide resource usage. We describe impli-
cations in pricing, protocol design and resource and spectrum
management.

I. INTRODUCTION

Broadband cellular networks are emerging to be the most
common means for mobile data access world-wide. Specif-
ically, 3G networks such as WCDMA based HSPA (High
Speed Packet Access) networks and CDMA based EVDO
(Evolution-Data Optimized) networks are quite common. The
popularity of broadband cellular networks is also fueled by the
introduction of user-friendly smart phones, netbooks and tablet
devices with a plethora of innovative mobile applications.
Expectation is that the volume of data through cellular data
networks will increase exponentially in near future. In order to
support such increases, it is important to understand the traffic
dynamics and its impact on resource allocation on the service
provider’s network. This will lead to better resource planning
and network designs that finally benefit the end users.

There have been several works in the past that study spec-
trum usage and application characteristics in cellular data net-
works (see, e.g, [1], [2], [3]). Most of these prior studies try to
understand wireless spectrum usage and characterize network
performance and capacity using small scale measurements
using a few mobile clients. To understand the network usage
pattern and subscriber' behavior, a large scale comprehensive
measurement and analysis of network-wide data traffic must
be performed. Though there have been a few studies recently
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I'The terms ‘client’, ‘user’ and ’subscriber’ are used interchangeably in this
paper.

based on network-wide data collected ‘in-network’ such as [4],
[5], these studies consider voice traffic [4] or users’ browsing
behavior [5]. A detailed network-wide study of data traffic is
still lacking.

Our focus in this paper is to address this limitation and pro-
vide a measurement-driven analysis of the data traffic collected
at the core of a nation-wide 3G network. Our goal is to provide
answers to important questions regarding subscriber traffic
patterns, subscriber mobility, and spatio-temporal behavior
of network resource usage. Our data set spans one week
in 2007 and consists of all data traffic associated with the
entire subscriber base (in the order of hundreds of thousands)
in a nation-wide network with thousands of base stations.
All generated data packet headers (but not including user
payloads) and various signalling and accounting packets are
captured, archived and later post processed using a tool we
have developed.?

In our study, we focus on the spatial and temporal dynamics
of data traffic from both the subscriber’s (Section II) and the
network’s (Section III) perspectives. We examine individual
subscriber behavior and usage patterns. We also characterize
subscriber mobility and temporal activity patterns, and analyze
their relationships to subscriber traffic. From the network’s
perspective, we study traffic patterns at different parts of the
network (base stations) and understand spatial and temporal
dynamics. Finally, we describe the implications of our ob-
servations related to traffic spread, mobility and efficiency in
connection to subscriber pricing, protocol design, spectrum
allocation and energy savings (Section IV).

II. SUBSCRIBER TRAFFIC DYNAMICS

We study the behavior of mobile subscribers in terms of the
traffic they generate, their mobility and their activity on the
temporal scale. We draw relations between traffic generated
by subscribers to their mobility as well as activity level.
Finally, we present important implications of subscriber traffic
dynamics on resource planning in cellular data networks.

ZFor proprietary reasons, we are unable to provide further details about the
nature of the 3G network, network location, data set, packet capture and post-
processing techniques. This is not unusual in recent published network-wide
studies [4]. In any case, the missing details are not relevant to understanding
our analysis for commercially operated networks.
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Fig. 1. (a) CDF of total traffic volume (in bytes) per subscriber per day. (b)
CDF of normalized traffic over the percentage of subscriber per day.

A. Subscriber Traffic Distribution

We start with analyzing the amount of traffic generated by
subscribers in the network. Figure 1(a) shows the cumulative
distribution function (CDF) of traffic generated per subscriber.
Each curve represents data for one day in a week. This figure
shows a wide range of traffic generated by different subscribers
in the network. The median traffic generated is close to 100 KB
per day. However, there are heavy users who generate as
high as 10 GB per day (10° x median) as well as light
users generating less than 1 KB per day. We see the CDF
slightly shifted towards the left for weekends (Saturday and
Sunday) indicating less traffic relative to working days. We
also present a normalized view of traffic over a percentage
of subscribers in Figure 1 (b). It is interesting to see that
only 1% of the subscribers (out of approximately about SO0K
unique subscribers who appear in each day) create more
than 60% of the daily network traffic and less than 10% of
the subscribers create 90% of the daily network traffic. This
points to a significant imbalance of network usage among
subscribers with few subscribers hogging the much of the
network resource. Later, we will pay specific attention to
mobility and network activity of these subscribers.

B. Subscriber Mobility

In our data set, we do not have access to precise location
of subscribers. Our captured data set also does not have signal
strength related information (as we capture packets at the
IP layer in the core network) to help in radio localization.
However, the signaling packets we capture provide enough
information for us to track base station and the cell sector
the mobile is associated to at all time instants. This provides
us with a rich data set to study subscriber mobility based
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Fig. 2. CDF of the number of distinct base stations visited by a subscriber
in each day.
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on the timestamped sequence of the base station he/she is
connected to. We have this data in all times instants regardless
of whether the subscriber is actually communicating. In this
aspect, our data set is far richer than that used in some related
literature [6], [4].

1) Base Stations Visited: Figure 2 shows the CDF of the
number of distinct base stations visited by each subscriber in a
day. Note that the distribution is very similar in the weekdays,
while the distribution in the weekends is somewhat different.
Note the tendency of a lesser degree of mobility on weekends.
Overall, the mobility is low in terms of the number of distinct
base stations visited. Roughly, 60% of the users are mostly
stationary (i.e., constrained within a cell) and over 95% of
the users travel across less than 10 base stations in a day. On
the other hand, the highest number of distinct base stations
visited by a user in a day is 93. However, such highly mobile
users who visit more than 50 distinct base stations in a day
are very few, less than 0.01% of daily users. To understand
the mobility of subscribers further, we study the extent of the
distance they travel next.

2) Radius of Gyration: The above data only captures the
number of base stations visited, but not the physical extent of
travel. To capture physical distance traveled we use a concept
called the radius of gyration [6]. The radius of gyration
is the linear size occupied by a subscriber’s trajectory. It
is computed by averaging the displacement of the recorded
locations of the subscriber from a central point. The central
point is the center of mass of the entire trajectory. Note that
this captures how widely the subscribers move as opposed to
the actual distance traveled. For example, traveling in a circle
continuously visiting the same sequence of base stations does
not increase the radius of gyration but a long distance travel
on a straight line does. Radius of gyration has traditionally
been used to study human mobility, as in a recent influential
study [6].

The radius of gyration [6] is defined as,

n

1

Tg = E Z(?’L — ?cm)Q,
=1
where 7°; represents the i = 1,2,...,n locations recorded

for a given user describing his/her trajectory. Recall that the
locations are simply the locations of the base stations to which
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Fig. 3. (a) CDF of radius of gyration (rg). (b) Radius of gyration versus

duration of computation for subscribers categorized into 4 groups according
to their final 7 at the end of the seven-day period. (c) Probability distribution
of time to returning to the same location. (d) A Zipf distribution showing the
probability of finding a subscriber at different locations that are ranked on
the basis of their visit frequencies. The subscribers are categorized in terms
of how many distinct locations they visit during the seven-day period.

the mobile is connected. 7., = = 31" | 7 is the center of
mass point of the user’s trajectory.

Figure 3(a) shows the CDF of r,, where r, is calculated
for each subscriber for the entire 7 day time period. We see
approximately 53% of subscribers are practically static and
almost 98% of subscribers have radius of gyration less than
100 miles. This reasserts the low level of mobility for the
majority of subscribers. The probability distribution function
of subscriber mobility represented by the radius of gyration
can be well approximated with a truncated power-law :

P(rg) = (rg + Tg)iﬁr exp(—74/k),

with 7"2 = 2.8 mile, 3, = 1.7 and k = 170 mile. We note that
a similar qualitative trend was observed in [6].

Note that the radius of gyration computation requires use
of certain duration of time (t) during which the subscriber
trajectory is used for the computation. It is expected that
the longer the duration ¢ the larger is the radius of gyration
r4(t). A saturation would indicate that some sort of boundary
of the movement area has been reached. To study this, we
plot ‘average’ r,(t) with increasing ¢ until the entire seven-
day period (168 hours) is exhausted [6]. Subscribers are
categorized into four different groups based on their final 7,
value at the end of the seven-day period. See Figure 3(b). Note
that the radius of gyration on average comes to a saturation
point relatively quickly, in just a few days. Also, users with
larger radius of gyration need longer time to saturate.

We further investigate the reason for the quick saturation
of the radius of gyration by measuring the ‘return probability’
for each subscriber as the probability that a subscriber returns
after ¢ hours to the same position [6]. Figure 3 (c) shows the
distribution having relative peaks at 24th, 48th and 72nd hours.

100 100
yi‘
80 % 80
i/
L 60 / L 60
a / ! a
ST j 1loc. 1 O 4 O<=rg<=5 —— |
£ 5loc. =r--n il B<=rg<=20 eereene
{ 10loc. f 21<=rge=50 -
20 77 80loc. e 7] 20 7 51<r@=100 o ]
/ 50 loc. ’/ rg>100
0 2 3 4 ; ‘6 : ‘8 9 0 3 ‘4 ; ‘6 ; ‘8 ‘9 10
10% 10% 10* 10° 10° 107 108 10 10% 10* 10° 10°% 107 108 10° 10
Traffic volume (bytes) Traffic volume (bytes)
(a) (b)
Fig. 4. (a) CDF of traffic generated per day by subscribers of different

category based on number of locations (base stations) visited in a day. (b)
CDF of traffic generated per day by subscribers of different category based
on radius of gyration.

It indicates the periodic nature of human mobility with a 24-
hour period and tendency of returning to the same location
periodically. This is also the inherent reason for radius of
gyration saturating after a few days.

To understand how predictable the subscriber location is,
we rank each location a subscriber visits on the basis of the
number of times he/she is found there [6]. For example, a
location with rank L = 1 indicates the most-visited location
of the selected subscriber. For each subscriber we create the
list of locations where he/she is found in the ascending order
of the rank. Figure 3 (d) is the Zipf distribution showing
the probability distribution of the visit frequency of locations
ranked L. The figure shows the results for four categories
of subscribers that visit 5, 10, 30 or 50 distinct locations.
It also shows that the distribution can be well approximated
by ~ % irrespective of the category. Note also that people
spend roughly 30% of their time in their top two preferred
locations. This clearly shows that even when subscribers
move between multiple locations, they can be found in their
‘favorite’ location with high probability.

C. Relating Subscriber Mobility and Traffic

Now, a natural question is to relate the subscriber mobility
and the volume of traffic they generate. We categorize sub-
scribers based on the two mobility metrics used in the previous
section: (i) number of locations (base stations) visited and (ii)
radius of gyration. This simply categorizes subscribers based
on their degree of mobility. For each category of subscribers,
we plot the CDF of traffic volume generated per day in
Figure 4. A careful reader will note that while the plot lines
appear similar, due to the log-scale of the horizontal axis, there
is actually significant difference in traffic volume for different
categories. The trend is that more mobile subscribers generate
more traffic, with the median traffic generated by subscribers
in the highest mobility category being roughly twice that of the
subscribers in the lowest mobility category. This correlation of
mobility and traffic has implications in resource planning and
spectrum management. While our current results describe only
aggregated behavior, our future work will consider finer grain
behavior based on timings of movement and timings of traffic
generated.
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D. Subscriber Temporal Activity

We describe the temporal activity of subscribers by the
number of days in a week or number of hours in a day that they
generate traffic. This addresses basic questions such as whether
the subscribers generate traffic frequently or only occasionally.
Figure 5(a) shows the CDF of the number of days subscribers
generate traffic. We see that about 34% of the subscribers
generate traffic on all 7 days of a week. It is interesting to note
that about 45% of total number of subscribers generate traffic
only on three or less number of days in a week. To understand
the hourly activity of subscribers, we plot the distribution of
hours among peak hours (8 AM to 8§ PM) in a work day (i.e.,
Mon-Fri) the subscribers generate traffic. Figure 5(b) shows
about 28% of subscribers generate traffic only in a single hour
among this set of peak hours. A typical subscriber (median) is
active in 4 different hours during the peak hours in a day.
The high level conclusion here is that a large fraction of
subscribers generate traffic only in few days a week and only
in a few hours within the day.

To understand the temporal activity of subscribers at a much
finer granularity, we study the distribution of ‘airtime’ used by
each subscriber. This term requires some explanation. In the
commonly used 3G standards (3GPP or 3GPP2), a subscriber
requests and is in turn allocated a radio channel® whenever
it has data to send. The allocated radio channel is revoked
by the network when the subscriber is dormant for certain
period known as the dormancy period (typically about 10
seconds) [7] that is configurable for different networks. A
subscriber can go between active (with a channel allocated)

3We use the term ‘radio channel’ to refer to any radio resource allocated
to the mobile such as code, frequency or time slot.
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Fig. 7. (a) CDF of occurrence for the heavy users in days in a week. (b)
CDF of occurrence for the heavy users in hours among peak hours.

and dormant state multiple times within a single mobile IP
session. We refer the amount of time a subscriber holds onto a
radio channel (regardless of whether it actually communicates)
as the airtime. Effectively, the airtime gives us the amount of
time a subscriber uses radio and spectrum resources.

Figure 6 shows the CDF of airtime among all subscribers.
We see a significant variation in the amount of airtime used by
different subscribers. The median usage is about 100 sec. in
a day. Interestingly, there are few subscribers (less than 1%)
that use almost 24 hours of airtime in a day. About 90% of
subscribers use less than 1000 sec. of airtime. The median is
about 100 sec. Weekend usage is typically lower compared to
weekday usage. In general, we see that a typical subscriber
occupies the radio channel only for a short duration in the
entire day. This is consistent with our previous observation
that the median traffic volume per subscriber per day is
not significant while there are a small number of ‘heavy
hitters’ that consume a significant amount of network resource.
Such statistics can help providers develop effective pricing
structures.

E. Relating Subscriber Activity and Traffic

In this section, we draw relation between the traffic
generated by subscribers and how frequently they appear in
the trace. We particularly focus on the ‘heavy users’ as they
are the ones that transmit bulk of the traffic. Here, the heavy
users are the subset of subscribers that are within the top 5000
in at least one day in the week based on the traffic volume.
Recall from Section II-A that about 1% of subscribers send
about 60% of traffic. The number 5000 forms roughly 1% of
the number of subscribers that generate traffic in a typical day.

Figure 7 (a) shows the number of days these heavy users
generate traffic. Interestingly, we see that almost 50-60% of the
heavy users generate traffic only on one day in the entire week.
This result is different from the percentage of subscribers
(about 28%) generating traffic only on one day considering
all subscribers as shown in II-D. This shows that most heavy
users are not habitual, but actually quite sporadic. In Figure 7
(b), we show the distribution of hourly activity of heavy user
during peak hours (8 AM to 8 PM). This plot shows that a
typical heavy user appear in 4 to 6 different hours during the
peak hours in the days they generate traffic. This distribution
is not significantly different from the distribution of the entire
set of subscribers.
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It is also interesting to look at how efficiently subscribers
use radio resources, and whether there is any difference
between the low and high volume users. To do this, we
define a metric called ‘effective bit rate’. This is the ratio
between the amount of traffic generated by subscribers to the
airtime (time actually occupying the radio channel irrespective
of traffic generated) used by them. This metric tells us how
efficiently the allocated radio channel is used for sending
traffic. Figure 8 shows the CDF of effective bit rate with
subscribers categorized based on the amount of daily traffic
they generate. We can clearly see that subscribers generating
less traffic have progressively poorer effective bit rate. This
may be due to the applications used by subscribers not fully
utilizing the allocated channel bandwidth. Even the effective
bit rate of a typical high volume subscriber (> 100 MB) is
approximately 20 Kbps which is much less compared to the
maximum nominal bit rate that could be supported. For a low
volume subscriber, it is roughly 0.5 Kbps.

To investigate the reason for poor efficiency, we identify
the most popular applications (that account for 75% of total
daily traffic among all subscribers) and study their channel
efficiencies. See Figure 9. Only TCP based applications are
considered so that the flow start and stop instants can be clearly
identified. During the lifetime of each flow the number of bits
transmitted and the total airtime consumed are used to compute
the effective bit rate. Port numbers in the packet headers are
used to identify the application type. For http we also track the
server IP addresses to identify the sites visited. Statistics for
a few popular sites (google, microsoft and yahoo) are shown
separately.

Note that applications like VPN, https (used for secure
connection) and http (for sites other than the popular ones such
as google, microsoft and yahoo) have the poorest efficiency,
while P2P and http for certain popular sites (yahoo) have
the best efficiency. The median difference between VPN and
P2P is over an order of magnitude (note the log nature of
the horizontal axis). Broadly, it appears that the enterprise
applications generate much less traffic compared to other
applications for the same airtime consumed. The likely reason
for this is that such applications tend to use the network
sporadically (e.g., frequent use of keep-alive messages in
VPN) and/or typically are not high throughput applications.
Considering the nature of the dormancy period in 3G networks
it it easy to see that channel usage will be inefficient in such
applications. On the other hand, high throughput applications
like P2P downloads or http browsing on certain popular sites
tend to send more data during their allocated airtime. Overall
again, all applications have significantly poorer effective bit
rate compared to nominal bit rates of the underlying physical
layer technology, implying significant scope of protocol im-
provements across layers. More will be discussed on this in
Section IV.

ITI. BASE STATION TRAFFIC DYNAMICS

In this section we turn our attention to the network behavior
as a whole or in terms of network components (base stations)
instead of focusing on subscribers.

A. Aggregate Load

First, we characterize the aggregate load in the entire
network considered. Figure 10(a) presents the total traffic
split into upload and download for each day of the week.
As expected, weekends see a lesser load. Also, downloads
dominate relative to uploads with more than 75% of daily
load coming from download traffic. We also break down the
traffic load on the network in a single day into 4 hour periods,
as shown in Figure 10(b). We can see that the load on the
network is relatively low in the early morning hours, and
roughly similar during the day and the evening.

B. Base Station Load Distribution

Next, we analyze the volume of daily traffic load for each
base station. Figure 11(a) shows the CDF of the daily load (in
bytes) of each base station for each day. It shows that roughly
about 80% of the base stations are loaded in the range of 1-
100MB per day and 10% of the base stations are highly loaded
(more than 100MB per day). Figure 11(b) shows the CDF of
daily base station loads normalized by the total network load.
It shows that 10% of the base stations experience roughly
about 50-60% of the aggregate traffic load. In both cases,
weekend behavior is slightly different than weekday behavior.
The load imbalance seems more pronounced in weekends. This
great imbalance of the base station loads indicates that a more
careful cell planning is possibly needed. Network providers
may use smaller cells or microcells at the hotspots to even
out the imbalance.
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C. Spatial Characteristics

Our main goal here is to identify whether or how much
spatially correlated the network load is. Such estimates can
potentially help the provider to allocate resources appropri-
ately. This can also be helpful in predicting the load of a
spatially separated region given the load of another region.

We did preliminary tests and data exploration to investigate
the spatial charateristics of network load using Voronoi cells.
Each Voronoi cell corresponds to the geographic region of
each base station’s coverage. Figure 12 shows the aggregate
load in bytes for each cell in a typical day in log,, scale for
two geographically separated regions in the studied network.
Each region is 100 mile x 100 mile and includes major city
centers as well as suburban areas. Note higher density of
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Fig. 12.  Total load of each cell in a typical day in two geographically
separated regions. The partition in terms of Voronoi cells defines the coverage
of each base station. The color bar on the right hand side of each figure
indicate to the total load per cell in bytes in log; scale.

— Total network load
~—~—Base station #2

— -Base station #1
Base station #3

9E+09
8E+09
7E+09
6E+09
5E+09
4E+09
3E+09
2E+09
1E+09
0E+00

Network load (bytes)
ase station load(bytes)

Fig. 13. Aggregated network load in each hour and hourly load of three top
loaded base stations. Note that they use two different scales.

Voronoi cells in certain areas (city centers) signifying some
degree of cell planning. We can readily see again that the cells
are not uniformly loaded in space. The load differentials can
extend several orders of magnitude. There does appear to be
some degree of negative correlation between the Voronoi cell
size and load. This is expected as large Voronoi cells mean
sparsely located base stations, implying sparer population
density. No significant spatial correlation between adjacent
cells is observed via visual inspection of similar plots for all
days.

D. Temporal Characteristics

1) Load: We summarize the hourly load of each base
station for the whole 7 day period. Figure 13 shows the
hourly aggregate load of the entire network and then top
three highly loaded base stations. The aggregate network load
exhibits a nice periodic behavior with relatively high loads
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during the day and the lowest load during midnight. On the
contrary, individual base station loads do not show that much
periodicity. Also, the load curve varies significantly among
individual base stations with their peaks occurring at different
times of the day.

We then investigate how the network load varies temporally
as well as spatially. To do this, we determine the peak hour of
each base station in the day. The peak hour of a base station is
the hour in which the given base station has the highest load
among its own hourly loads of the day. Figure 14 shows the
peak hour of each cell for the same two geographic regions
described in Section III-C for a typical day. It shows that base
stations have widely different peak hours that without further
analysis appear somewhat random. Once again note the lack
of spatial correlation.

2) Auto-correlation: For rigorous analysis of the periodic
behavior describing the network load we evaluate temporal
correlation for a load metric. This will enable us under-
stand the underlying trends and seasonal variations better. We
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Fig. 16. Moran’s I evaluated based on hourly loads on all base stations and
plotted on a temporal scale.

represent the hourly aggregate load as time series for the
whole network and also for top three base stations used in
Section III-D1. Each time series thus has 168 data points for
the 7 day period. Figure 15 shows the auto-correlation function
(e.g., cross-correlation of the time series with itself) of these
time series at different lags. Note that the plot shows a high
degree of temporal correlation. Again the high peaks occur at
24 hour intervals and low peaks at 12 hour intervals. This is
consistent with diurnal human activity patterns. Note that the
positive peaks are very pronounced relative to the negative
peaks and also the slow decreasing trend of the peaks with
increasing lag. The high degree of correlation of network load
at the same time of day can have tremendous implication in
network resource management techniques. On the other hand,
the individual base station loads do not show good temporal
correlation (neither positive not negative) and the periodicity
is also missing.

E. Spatiotemporal Characteristics

To further follow up on the our observations in Section III-C
we use the Moran’s I statistic [8] but on a temporal scale.
Moran’s I is a popularly used measure of spatial autocorre-
lation. It measures how correlated a spatial phenomenon is
along space similarly as temporal autocorrelation measures
correlation along time. Several earlier works (e.g., [9]) use
Moran’s I to investigate spatial behavior. A concept of distance
is used to indicate proximity and is used as ‘weights’ in the
formula. Moran’s I is defined as:

N i wij(@ —T)(x; —T)

i Zj Wij iz —3)?
where x is the random variable studied, = being the sample
mean, x;’s are the observations. w;; is the weight associated
with each pair (z;,2;) and N is the number of observations.
Here, the random variable = is the hourly load on a base
station. As common with Moran’s I studies, we use binary
weights: w;; = 1, when the base stations are in close proximity
(a threshold of 2 miles is used), else w;; = 0. We then plot
the Moran’s I metric for hourly loads of all base stations in
the network on a temporal scale. See Figure 16. The plot has
been smoothened to remove noise by using a sliding window
averaging with a window size of 4 hours. Note that the overall
correlation remains small. However, the periodic behavior
with a diurnal cycle is interesting. It appears that while
temporal usage patterns of base stations may be very different
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and might even miss periodicity (Section III-D2), there is a
general tendency for proximate base station loads to be more
correlated when the loads are high. However, the correlation is
fairly small, rarely exceeding 0.15. The minimum is often very
close to zero, showing almost independent loading behavior
around midnights when generally the loads are small.

IV. SUMMARY OF OBSERVATIONS AND PRACTICAL
IMPLICATIONS

We now summarize our key observations and identify
important practical implications on network planning and
protocol design in cellular data networks.

A. Key Observations

1) Traffic Load: There is a significant traffic imbalance both
from individual subscriber’s and base station’s view point.
Few subscribers and also few base stations carry a significant
fraction of the total load. Less than 10% of subscribers
generate 90% of the load, while 10% of base stations carry 50-
60% of the load. The subscribers appear to be sporadic users
of the network, the heavy users being more so. A typical heavy
user only appears occasionally, but generates a large amount
of traffic.

2) Mobility: A large fraction of subscribers have limited mobil-
ity (roughly half of them being practically static moving within
just one mile). The mobility also exhibits periodic behavior
with high probability of returning to the same location at
the same time of the day. Overall, the mobility is highly
predictable. Interestingly, the more mobile subscribers tend to
generate more traffic.

3) Efficiency: Effective bit rate is poor due to the intermittency
of data transfers and channel dormancy effects. Efficiency is
poorer for low volume users relative to high volume users.
This could be tied to the types of applications they use. For
example, enterprise applications appear to have much poorer
effective bit rate relative to P2P.

4) Correlations: Aggregate network load exhibits excellent
periodic behavior and temporal correlation, but individual
base stations do not exhibit such properties in any significant
extent. Spatial correlation among base station loads appear
to be small, increasing only when the loads are high (during
middays) and remaining almost uncorrelated when the loads
are low (around midnights).

B. Implications

1) Subscriber Pricing and Usage Pattern: An unlimited data
plan with flat rate pricing is not efficient both from the
carrier’s perspective as well as the majority of subscribers’
perspective. The CDF shown in Figure 1 can be used as a
guidance to create ‘tiered’ rate plans. The idea of tiered rate
plans are becoming popular [10] to provide different pricing
options based on data usage. One of our future works is to
devise optimal pricing schemes based on subscriber usage
and available network capacity. Also, sporadic network use
by high volume subscribers can create poor experience for
other subscribers if such usage occurs during peak periods.

This can be alleviated by providing high volume subscribers
some incentives (e.g., lower pricing during off-peak hours) to
move their load to other times.

2) ‘Wireless-Friendly’ Protocol Design: The highly predictable
nature of the mobility pattern can be exploited by innovative
cloud-based content delivery applications. The idea is to cache
the content of particular interest to a subscriber close to the
edge of the network where the subscriber can be found with
high probability [11]. This reduces the latency in accessing
the content to a large extent. Location based services and
targeted ad-services can exploit such highly predictable
mobility pattern to optimize their performance. Further, it is
clear that the network protocols and applications designed for
general wired Internet usage are not very ’wireless-friendly,
using valuable channel air time very poorly. This inefficiency
is much higher in enterprise applications. Innovative protocols
that make use of the wireless channel more efficiently need to
designed. We note that some recent research targeting energy
usage addresses a similar issue (see, e.g., [12]).

3) Spectrum Allocation and Energy Savings: The high
degree of variability in base station loads has important
implication on spectrum allocation and energy saving
schemes in the network. New energy saving schemes such
as adaptively turning on/off certain carriers or radios in base
stations based on the load experienced need to be developed.
In Section III-D, we noted that the peak hours of different
cells vary a lot, which advocates dynamic allocation of
spectrum resources to highly loaded cells during their peak
hours. One of our future work will be to model the demand
characteristics on different cells in cellular data networks
based on measurements for a long period of time and feed the
model as inputs to dynamic spectrum allocation algorithms
such as [13].

V. RELATED WORK

There have been field measurement studies on 3G net-
works mainly focusing on the performance of data traffic,
but only from the point of view of individual client devices.
Representative works in this space are measurement studies
on commercial WCDMA 3G/UMTS networks in [1], perfor-
mance evaluation of GPRS and UMTS networks in [2], various
forms of TCP performance evaluation in [14], [3] and [15],
and cross layer studies in [16]. In addition, Joyce ef al. [17]
have presented single cell and network capacity measurements
using a commercial network in UK. Yao er al. [18] have
evaluated bandwidth predictability for HSDPA networks. Tan
et al. [19] have studied the capacity of 3G networks in terms of
throughput, latency, video and voice call handling ability. The
authors in [20] have evaluated multimedia streaming through
measurements taken from real networks (GSM, GPRS and
UMTS). Performance of push-to-talk applications have been
evaluated in [21] on 3G networks. The above studies do not
use the global view of the network as a whole and a broader
analysis of the subscriber behaviors are missing.



Such global views have been pursued only in a limited
number of papers. The authors in [22] have carried out
spectrum measurements in 2G and 3G bands during the 2006
Soccer World Cup in two German cities. They have shown
that the change of spectrum usage is related to specific events.
In [9], a measurement-based spectrum modeling approach has
been developed using spatial statistics and random fields. The
authors in [23] have shown the distribution of voice call
duration analyzing the call logs from a cellular GSM provider.
The authors in [4] have presented a large scale measurement
analysis to characterize the primary usage in cellular voice
network. In [5] the browsing behavior of mobile users in a
large scale 3G data network has been analyzed. In contrast to
these papers, our focus is purely on data traffic behavior in
the context of resource usage.

Finally, studying human mobility from cellular network
data is an important component of our work, as mobility
directly impacts resource usage. Much of our analysis has
been motivated by Barabasi and co-authors’ influential work
on this topic [6], [24]. They have studied human mobility
patterns based on the voice call records over a six-month
period of 100,000 anonymized mobile phone users. They
have concluded that human trajectories show a high degree
of temporal and spatial regularity. In [25] an analysis of user
mobility patterns is presented based on data traffic traces from
a major regional CDMA2000 cellular network. The overall
mobility was found to be limited. Pathirana et al. [26] have
presented a technique to predict the trajectory of a user in a
variant of GSM network. Authors in [24] have investigated
the human dynamics and social interactions, and focused on
the occurrence of anomalous events. None of these works,
however, directly relate the users’ mobility to network access
behavior and network usage patterns.

VI. CONCLUSIONS

In our knowledge, our work is the first major study in
measurement analysis of subscriber and network behavior
in a large scale 3G data network. We have made several
important observations related to traffic load, mobility and
resource efficiency. We have indicated the implications of
these observations in pricing, protocol design and resource
management. Our future work will target (i) analysis for longer
periods of time as well as in finer grain, (ii) addressing the
topics highlighted in the discussions about implications in
Section IV.
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