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Abstract—Evaluating mobile broadband in an operational
cellular network is a challenging measurement task that depends
on many parameters. Throughput is an essential performance
indicator in any data network. Particularly in cellular mobile
networks, the throughput is very sensitive to the number of
active users—the cell load. Nearly every publication discussing
throughput measurements in live mobile networks cites that
throughput strongly varies in time. However, none of the studies
have attempted to remove the impact of the cell load to achieve
a more predictable throughput behavior.

In this paper, we propose a new throughput-correction
technique. Since we have access to the information on the
amount of resources scheduled to the measuring device, we
can approximate the total throughput that the device would
experience if all the resources would get allocated to it.

We focus on LTE and analyze several repeated measurements
conducted with user equipments mounted in a car. We measured
in a live LTE network along a selected highway segment, at
different times, on two different days. The results have revealed
that the corrected throughput exhibits significantly smaller
variations than the raw throughput does. Finally, we discuss
possible limitations—especially frequency selective scheduling
combined with a low share of resources—and outline further
directions of research.

Index Terms—LTE, measurement, repeatability, ground truth,
throughput, drive test, resource block, live network, cellular,
mobile

I. INTRODUCTION

The challenge of generating a benchmark reflecting the
typical performance that a user experiences in the network
is a very different task from conducting measurements on
fixed lines. Drive test based data benchmarking is used
in performance assessment of mobile networks to capture
the dynamic effects in such systems. Still, measuring the
available data rate in cellular wireless networks—with traffic-
reactive nature, nomadic end users, and highly dynamic shared
resources—is a challenging task. Current methodologies are
very resource demanding and often not repeatable. This
situation is even more challenging considering the scenario
of coverage-related measurements, in which repeatability is
needed to generate spatiotemporal service maps that will allow
future services, e.g., autonomous driving and location-aware
communication, to evaluate the availability of internet access
in a specific location.

Throughput measurements in cellular mobile networks
suffer from limited repeatability due to the rapidly changing
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Fig. 1. Resource block utilization η measured during drive 3.

cell loads. The example in Fig. 1 depicts how many LTE
resource blocks (RBs) [1] were scheduled to the measuring
user equipment (UE) when it was trying to download as much
data as possible. Not reaching 100 % means that there are also
other users requesting for resources.

Although we can expect slowly varying diurnal patterns in
the cell load, on a short-time basis—in order of few seconds—
the cell load behaves rather unpredictably. This is not much
of a problem in static measurements, in which we can simply
conduct longer repeated measurements. However, in a case
of vehicular measurements—the so-called drive tests—the
measuring UE can move several tens of meters per second.
Therefore, increasing the sampling period means not only
averaging over time but also averaging in space (i.e., reducing
the spatial resolution). Furthermore, if we want to measure a
certain route segment multiple times, then we need to repeat
the drive test, which is expensive in terms of fuel and human
resources.

The question is: Can we correct the impact of the cell load
in order to get along with a single throughput measurement
without needing many repetitions? In this paper, we propose a
new metric “ground truth” throughput rGT, which corresponds
to the throughput that a measuring UE would achieve if it
would get all the resources in the mobile cell, i.e., which
throughput it would measure if it would be the only active
user in the cell (assuming no tariff limits).

We assume that rGT would vary less than the measured
throughput r does. To validate our idea, we performed several
drive tests, repeated on two different days at various times



along the same highway segment at the same constant speed.
Cell load is an important indicator of the mobile network’s

performance and cannot be just ignored. Nevertheless, we are
convinced that it is meaningful to split the performance into
two parts: 1. What is possible due to the cell coverage, i.e.,
“ground truth” throughput rGT, which is limited by the signal
to noise and interference ratio (SINR) and by the receiver’s
movement + geometry of the environment (mobile channel).
2. What is possible due to the cell load.

The coverage (signal strength, path loss) differs among
locations but remains stable for a longer period of time.
Conversely, the cell load can be measured at a single point
(ideally by a mobile network operator at the base station) for
each cell; but changes quickly over time. Therefore, it should
be enough to measure rGT just once along a certain route and
then combine it with the cell load monitored persistently at
a static location to derive the total performance in different
locations at different time points.

A. Related Work

Vehicular throughput measurements in LTE networks have
been examined in many studies [2], [3], [4], [5], [6], [7].
However, results have often been based on a single drive
test. In cases of repeated measurements, results have been
presented either in form of cumulative distribution functions
accommodating all test samples or as an average trace. What
is lacking is the high-granular spatiotemporal representation of
multiple repeated measurements, synchronized for each space
coordinate.

To the best of our knowledge, this is the first study that
considers carefully synchronized repeated drive tests to discuss
the repeatability of pathloss and throughput measurements in
LTE networks. Repeatability can be exploited to reduce the
amount of required drive tests.

Other interesting concepts for reducing the number of drive
tests are coverage interpolation techniques [8], [9] and the so-
called virtual drive tests (VDT) [10], [11]. The disadvantage
of VDT is that they require detailed information about terrain,
buildings, and surface materials. If there is a significant
change (we will see such an example in Section IV) in the
environment, then the results of VDT are not valid anymore.

B. Paper Outline

In Section II, we discuss the calculation of the
“ground truth” throughput. In Section III, we introduce our
measurement setup and details about the drive tests that we
conducted. We present our measurement results in Section IV
and conclude the paper in Section V.

II. GROUND TRUTH THROUGHPUT

Let r[k] be the k-th throughput sample measured by a UE
in the k-th time interval t ∈ Tk, and η[k] ∈ [0, 1] the share
of resources that the UE gets scheduled at this interval (0 =
no resources, 1 = all resources). The exact meaning of the
term “resources” depends on the technology. Here, we focus
on LTE downlink (DL), in which the resources are scheduled

in the form of resource blocks (RBs). For the rest of this paper,
η[k] thus corresponds to the RB utilization:

η[k] =
Number of RBs scheduled to our UE in Tk

Number of all RBs transmitted by eNodeB in Tk
.

The idea is that for a given receiver, at given coordinates1

and a given velocity vector, there exists some “ground truth”
throughput rGT[k] that we would obtain if we were the
only active user in the mobile cell. If there are other UEs
downloading data, we cannot observe rGT[k] directly. We are
able to measure only throughput r[k] ≈ η[k] · rGT[k] and then
calculate

rGT[k] ≈
r[k]

η[k]
. (1)

Note that (1) is an approximation and its quality depends
on the LTE DL scheduling algorithm. If the durations of
the sampling intervals |Tk| are much longer than the channel
coherence time Tc and if round robin scheduling is employed,
then the effects of small-scale fading will be averaged out.

However, if frequency selective scheduling is implemented,
then in every 0.5ms slot [1], the UE will get preferably those
RBs that offer better channel conditions. Thus, rGT[k] <
r[k]
η[k] regardless of the averaging interval duration |Tk|. That
is, the throughput rGT[k] that the UE would obtain in an
empty cell would be smaller than the calculated throughput
r[k]/η[k], which assumes that, on average, the scheduled and
nonscheduled RBs would contribute the same throughput.

III. DRIVE TESTS AND MEASUREMENT SETUP

In this section, we give details about how we performed
our measurements. To verify whether (1) leads to less
variations among repeated measurements, we needed to
plan our campaign carefully. Because GPS coordinates have
limited accuracy, we decided to ensure that the measurement
equipment moves along the same track at the same speed every
time, so that we can subsequently synchronize the traces from
all drives to the same interval on the time axis.

A. Route and Vehicle

To avoid interruptions caused, e.g., by traffic lights, we
selected a highway segment for our drives. The measurements
took place in Austria on the motorway A1 (West Autobahn)
between the entrance Sankt Pölten Süd and the exit Melk
(visualized in Fig. 2, top).

We used the car’s cruise control to maintain the steady
speed of 80 km/h. The GPS was consistently reporting slightly
lower speed of ≈ 76 km/h (see Fig. 2). After dividing the
segment length of 21 km by the duration of 990 s, we obtain
an approximate speed of 76.36m/s. We thus conclude that
the speed reported by the GPS is closer to the real speed.
The car’s speedometer should be more precise than that of
the GPS, but there seems to be an intentional constant offset
present, probably a safety measure.

1Strictly speaking, not only the time stamp, latitude, longitude, and altitude
play the role, but so does the rotation of the receiver.
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Fig. 2. The route between St. Pölten and Melk where we performed the
measurements. The plot depicts the speed profile reported by the GPS. We
used only the measurements collected after reaching the final speed set by
the car’s cruise control (marked in teal).

TABLE I
OVERVIEW OF MEASUREMENT DRIVES

Drive no. Measurement start UE 1 active UE 2 active
1 14 Jan 2019, 14:10:48 yes no
2 14 Jan 2019, 14:56:36 yes yes
3 14 Jan 2019, 18:17:47 yes no
4 17 Jan 2019, 07:10:38 yes no
5 17 Jan 2019, 12:41:35 yes no
6 17 Jan 2019, 13:33:18 yes yes

We intentionally picked such a low speed. At a higher
speed, we would need to overtake other vehicles, which is not
always possible without slowing down or speeding up. With
our choice, we were able to stay in the right-most lane all the
time. Tab. I gives an overview of all our drives.2 In each of
the two days, we took three drives.

B. Measurement Equipment

For the measurement itself, we used two Keysight’s NEMO
[12] UEs (Fig. 3). From the hardware point of view, NEMO
cell phones are usual smartphones, in this case Samsung
Galaxy Note 4 SM-N910F. However, NEMO cell phones
offer extended logging and configuration features, e.g., band
lock, which we used to lock both UEs to LTE band 20
(f ≈ 800MHz), so that we could measure the performance of
the same LTE band in each pass. The bandwidth was 20MHz
(100RBs in frequency domain) in all visited cells.

Among the parameters that the UEs log are the reference
signal received power (RSRP) and reference signal-signal to
noise and interference ratio (RS-SINR) [13], RB utilization,

2We had to drop one measurement set due to the traffic situation; it was
not possible at the time to maintain a constant speed. This drive is not shown
in the table.

UE 1

UE 2

Fig. 3. Measurement setup: NEMO backpack in the car trunk fixed with a
rubber band. During this measurement campaign, we used only two devices
(UE1 and UE2 as marked in the photo).

MAC layer throughput3 r, GPS coordinates, and speed. We
analyze the RSRP because it is a useful indicator of pathloss.
The RS-SINR should be close to the SINR, which determines
the capacity of a given channel with a given bandwidth.

To generate data traffic for the throughput measurements,
we scheduled the HTTP download using the NEMO software.
The target file was large enough (40 GB) so that the download
could run without interruption during the whole drive. In four
drives, only UE1 was active. In two drives (see Tab. I), we also
generated traffic with UE2 to increase the cell load observed
by the other UE. In total, we collected eight measurement
sets—six with UE1, two with UE2.

C. Sampling Interval and Coherence Time

At LTE 800 and speed v ≈ 76 km/h, the maximum Doppler
spread is fm = v

c f ≈ 56.30Hz. The coherence time, as
defined by [15, (4.40.c)], is thus

Tc =

√
9

16πf2m
≈ 7.5ms.

The sampling intervals Tk, at which the NEMO phones
report the measurement samples, have varying durations albeit
they are close to 500ms. Since 500ms � Tc, the impact
of small-scale fading should be averaged out and only the
shadowing should be visible in the RSRP trace. Furthermore,
if round robin scheduling is used—as discussed in Section II—
then the “ground truth” throughput samples rGT[k] should be
approximately equal to the quotient r[k]/η[k].

IV. MEASUREMENT RESULTS

A. Resampling, Synchronization, and Visualization

As already mentioned, the samples reported by the NEMO
phones are not equidistant on the time axis. Nevertheless, the
sampling interval is close to 500 ms. Therefore, we resample

3MAC = medium access control. Because the physical layer throughput
contains also transport blocks with CRC (cyclic redundancy check) failure,
we took the throughput of the next higher layer: the MAC layer. See [14] for
overview of throughputs on different layers.
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Fig. 4. RSRP, RS-SINR, and throughput r measured by UE1 during drive 2,
and the corresponding reconstructed “ground truth” throughput rGT.

all measured time series with a resampling period of TS =
0.5 s in order to obtain equidistant grid. Examples of the
resampled time series of one drive are depicted in Fig. 4.

From every measurement set, we manually extract only the
time interval corresponding to the highway segment where we
drove with constant speed (Fig. 2). In each drive, we denote
the first time stamp in the extracted interval by t = 0. Now, we
need to synchronize the signals from all drives so that the time
stamps corresponding to the same space-coordinate overlap on
the time axis. As opposed to other mentioned time series, GPS
coordinates have lower time granularity and are logged once
per ≈ 1 s. Furthermore, the GPS accuracy is limited. In one
second, the car moves by more than 20 m.

To achieve a more precise signal alignment, we utilize the
resampled RSRP (denoted as pi[n], n ∈ {0, . . . , N − 1} for
the i-th measurement set4). We then pad the shorter signals
with zeros to obtain the same length N for all signals pi[n].
We want to maximize the unbiased estimate of the cross-
correlation [16]:

R̂i,j(m) =
1

N − |m|

N−|m|−1∑
n=0

{
pi[n+m] · pj [n], m ≥ 0,

pi[n] · pj [n−m], m < 0.

We keep the first (i = 0) measurement set fixed and move all

4We have 8 measurement sets, i ∈ I = {0, . . . , 7}.
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Fig. 5. RSRP plotted separately for both measurement days using the
representation S[n] from (2). We see that on the route segment corresponding
to t ∈ [90, 300] s, the pathloss has significantly changed between the two
measurement days.

traces of the i-th set by m̂i samples, where

m̂i = argmax
m

R̂0,i(m).

(Note: m̂0 = 0.)
To jointly visualize |I| different resampled and shifted

signals si[n] (s denotes RSRP, RS-SINR, r or rGT) in a single
graph, we plot for every index n the set

S[n] = {y | min
i∈I

si[n] ≤ y ≤ max
i∈I

si[n]}, (2)

which shows us the maximum and the minimum value among
all traces. Sets S[n] for RSRP are depicted separately in Fig. 5
for both measurement days.

B. Long-Term and Short-Term Changes, Repeatability

We can recognize from Fig. 5 that within a single day,
there are no severe changes in the pathloss between the
drives. The small fluctuations in RSRP are probably caused
by minor changes in the environment, e.g., a truck overtaking
our vehicle can cause noticable shadowing for several seconds.

For the relative time t ∈ [90, 300] s, we observe a pathloss
difference up to 40 dB between the two measurement days.
Such big improvement must be caused by a significant change
in the environment—either a geometry change (removing a
rather large obstacle), change in an eNodeB’s transmit power,
or activation of a new base station. It is clear that with
such a change, no repeatability is possible (however, we still
observe consistency if we consider all measurements from a
single day). To keep the number of figures reasonably low, we
focus on the relative time t > 300 s only; we then merge all
measurements from both days (Fig. 6).

In Fig. 6, we observe that the RSRP and the RS-SINR
mostly follow a clear trend with variations lower than 10 dB.
With no significant changes in the measurement environment,
we can then expect a similar behavior also for the “ground
truth” throughput rGT. Indeed, while the raw MAC layer
throughput r experiences variations exceeding 75Mbit/s due
to cell load differences at several occasions, the corrected
version rGT mostly varies by less than 25Mbit/s (the worst
case we find is the difference of ≈ 50Mbit/s near t ≈ 850 s).
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Fig. 6. RSRP, RS-SINR, throughput r, and “ground truth” throughput rGT

of all 8 measured traces—plotted in the representation S[n] from (2).

V. CONCLUSION

We have proposed a simple throughput-correction method
that leads to lower throughput variations among repeated
measurements. We verified our idea based on several repeated
drive tests. In one route segment, we have observed a
significant change in the pathloss, indicating a change in
the environment or change of an eNodeB’s transmit power.
Along the rest of the road, the pathloss followed the same
trend during all drives—in this case, we have shown that
the corrected throughput varies significantly less than the
raw throughput. The remaining variations are caused by
fluctuations in RS-SINR due to minor geometry changes such
as overtaking trucks, and probably also by frequency selective
scheduling in the LTE downlink.

Our throughput correction technique opens a possibility
for characterizing performance of mobile networks as a
combination of location-dependent ground truth throughput
and time-dependent cell load. Each of these two components
could be measured independently: cell load persistently at a
single static location for each cell; ground truth throughput
only once (or with occasional repetitions to detect long-term
changes) at all locations of interest.

What still lacks in this study, is the analytic relationship that
would characterize the quality of throughput reconstruction.
We need to examine the impact of frequency selective
scheduling, especially for lower RB utilizations η[k].
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