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Technical report

Abstract
IEEE 802.11a-based Wireless Local Area Networks (WLANs) provide high data rates,
are widely adopted, cheap, easy to use and to deploy. It seems natural to use this
technique in scenarios other than for an office or home WLAN, for example, to provide
wireless Internet access via the “last mile”, to establish fast Wireless Metropolitan Area
Networks (WMANs), or for wireless backup links. Since IEEE 802.11a-based WLANs
were originally not designed for such outdoor scenarios, these applications require careful
performance and parameter studies. In this technical report we present an extensive
experimental study based on 4 months of measurement in a peer-to-peer medium-range
scenario under outdoor conditions. In this scenario we study the performance, system
stability, and error characteristics of an IEEE 802.11a-based WLAN. Our measurements
show that in such scenarios high average on-air rates of 36 MBit/s can be reached. This
leads to high average UDP data rates of 17 MBit/s at sufficient data rate stability. We
further discuss system stability and precisely examine transmission error statistics.
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1

INTRODUCTION

Introduction

Wireless Local Area Networks (WLANs) enable cheap and easy communication in home and
office scenarios. In these indoor scenarios typically devices are used which comply to the
IEEE standards 802.11, 802.11a, and 802.11g [1, 2, 3, 4]. Communication systems based on
these devices and standards provide the following benefits:
• Widely adopted: IEEE 802.11a/g compliant WLAN chip sets have become a standard
component of today’s Notebooks and hand-held computers. Typically, customers used
to indoor WLAN do not understand why outside they have to use a different technology,
e.g. cellular-based GSM or UMTS. Hence, the number of possible customers for public
WLAN/WMAN access continuously grows.
• Low device costs: Standardization enables interoperability and, thus, ensures an
open market for all manufacturers’ WLAN devices, e.g. chip sets, network cards or
integrated WLAN-Routers. This, finally, enables competition and ensures low device
costs.
• Ease of deployment: WLAN devices are specified and built for the end-user. Thus,
they include many functions to ensure easy deployment, e.g. automatic channel selection and Medium Access Control (MAC), as well as suitable pre-configuration. In
combination with unlicensed frequency bands, this avoids extensive manual setup and
calibration procedures, e.g. as required in cellular systems.
• Continuous improvement: Based on the above standards the IEEE 802.11 working
group continuously proposes standard improvements, e.g. the current IEEE 802.11n
draft for high data rate communication [5, 6]. These extensions enable to use up-todate communication techniques, e.g. multiple antenna systems, while providing legacy
support.
Although several approaches and devices for outdoor usage exist, they typically do not
provide all of these benefits. For example, currently, UMTS base stations and end-user terminals are neither cheap nor world-wide adopted. Using this technology requires a complex
infrastructure resulting in extensive connection fees. Since these additional techniques significantly increase cost and complexity, e.g. due to additional hardware and connection fees,
many customers do not accept their usage. This situation may change with new approaches,
such as the IEEE 802.16 standards [7, 8, 9], called WiMAX [10]. However, as long as these
devices are not included in a typical mobile computer, only a few early users might adopt
them. Furthermore, a fully deployed cellular or even WiMAX infrastructure makes it difficult
to integrate new, improved wireless network transmission techniques.
This raises the question whether it is possible to exploit all of the above mentioned
benefits by employing cheap and widely adopted WLAN techniques in outdoor scenarios.
In this technical report we study this question experimentally. By measurements we show
whether it is suitable to employ IEEE 802.11a compliant WLAN devices even in outdoor
scenarios for which they are neither specified nor commonly used. We focus on a direct
Line Of Sight (LOS), medium-range connection and stationary devices. This setup provides
results suitable for several application scenarios such as the last mile access (“wireless DSL”),
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WMANs, or the usage of wireless backup links in addition to cable connections. To analyze
whether the usage of WLAN techniques in such scenarios is suitable, we perform experiments
to characterize the following aspects:
• Channel conditions and physical layer performance: In every wireless communication system the state of the wireless channel and the performance of basic communication functions at the physical layer finally limit the achievable performance of the
overall system. In WLAN systems, physical layer functions are typically adjusted for
wireless indoor channels. Since it is unclear how these functions perform in outdoor
scenarios a careful performance and parameter study at the physical layer is crucial to
analyze which performance is possible at the application layer.
• Application layer performance: Since the application layer, e.g. as a web browser,
is directly seen by the user, measuring the systems performance at the application
layer includes the effects introduced by communication functions between the wireless
channel and the user. Hence, the performance at this layer is finally relevant for the
user’s impression of the provided service.
• System stability: Even if a communication system provides high performance at
the Application layer its usage may become unacceptable if this performance highly
fluctuates or is not reliably available. While this may have technical causes, e.g. softor hardware errors, the unstable nature of the wireless channels may introduce further
performance variations. For this reason we, firstly, evaluate the stability of the employed
hard- and software and, secondly, carefully study the variation of our performance
metrics. Furthermore, we analyze the characteristics of the introduced transmission
errors which, as in reference [11], enables to rate the link quality more precisely.
We evaluate the above characteristics for an IEEE 802.11a-based WLAN scenario by defining suitable performance metrics, performing extensive measurements, and by analyzing the
obtained statistics. This procedure basically follows standard approaches, e.g. as in reference
[12].
This technical report, firstly, provides a detailed description of the scenario and measurement setup and discusses the applied methodology, performance metrics, and studied factors
(Section 2). Second, the measurement results are shown and interpreted in Section 3. We,
finally, conclude this report in Section4.

2

Measurement setup and scenario

This section introduces the setup of the wireless link. It consists of the basic setup, the
measurement system and the methodology, including all metrics, factors and parameters
that were used during the measurement.

2.1

Basic scenario

The established connection directly links two devices based on the IEEE 802.11a standard
over a distance of 2.3 km. To establish the link typical hardware and antennas were used. Both
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Figure 1: Setup of the established measurement scenario.

antennas are in Line Of Sight (LOS) and, although the antennas do not move, mobility may
occur within the propagation environment. Figure 1 shows an overview of the system setup.
Each of the shown stations is connected via 100 Mbit/s Ethernet to a computer that controls
the measurements and stores the measured data. On the the sender’s side this computer is
called ”Generator”, on the receiver’s side it is called ”Reflector”. The computers are out-ofthe-box Intel Pentium III machines running at 800 MHz with 256 Mb system memory; the
operating system is Microsoft Windows XP Professional. Both computers hold a connection
to the Internet which is used for controlling the measurement and collecting the data.
The hardware used to establish the wireless link is made by Proxim Inc. As sender of
the measurement data stream a Tsunami MP.11a 5054 BSU (Base Station Unit) is used,
and a Tsunami MP.11a 5054 SU (Subscriber Unit) receives this data and sends acknowledgments and management data vice versa. The base station unit provides the services of a
standard access point; the subscriber unit registers to it. Both devices automatically establish a IEEE 802.11a-based connection. They also support some extensions to the standard
IEEE 802.11a protocol. These extensions pertain to the management of multiple wireless
connections between a base station unit and a couple of subscriber units (Wireless Outdoor
Routing Protocol WORP) as well as some security enhancements [13] [14]. The security enhancements prevent normal IEEE 802.11a devices from registering to the base station unit.
Neither the WORP extensions nor the security enhancements did affect our measurements
since we were only using a connection between one subscriber unit and base station unit.
The security enhancements are transparent to the user. All other parameters of the
devices match with a typical IEEE 802.11a system. For this reason, we treat the connection
between the devices as a standard IEEE 802.11a connection [13].
Standard directed antennas made by Proxim were used. Placing at the top of the buildings
results in a direct line of sight connection of approximately 2.3 km. The technical data of the
antennas is shown in Table 1. The antennas are connected to the sender and receiver using
a cable with attenuation 3 dB.

2.2

Measurement system

The used hardware is not the sole part of the setup. There is also the software running on the
sender and the receiver and its configuration. The firmware running on both MP.11a devices
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Table 1: Technical data of the antennas[15][16]
Type
Frequency
Antenna gain
Beam width
Polarization

Sender (University)

Receiver (Eggenet building)

Proxim 5054-SA-60-17
5.150 - 5.875 GHz
16.5dBi
60 ◦ V / 6 ◦ H
vertical

Proxim 5054-PA-18
5.250 - 5.785 GHz
18 dBi
18 ◦ V / 18 ◦ H
vertical

is Version 2.3. This firmware was used during the whole measurement period. Most of the
provided settings of the internal software were left to factory defaults. Only the encryption
keys, passwords for management access, and regional settings were changed. The regional
settings were set to German not to violate German frequency regulations[17].
We also enabled the dynamic data rate selection. Without enabling dynamic data rate
selection, the devices run at a fixed data rate of 36 Mbit/s, else devices support physical data
rates up to 54 Mbit/s.
There are some other features supported by the base station unit. These features (e.g.
Network Address Translation, NAT) were not used during our measurement.
The HF output power of the MP.11a devices is fixed to 0 dBm which does not include
antenna gain and cable loss. With cable loss and antenna gain this results to a transmission
power of 22.4 mW (EIRP) at the antenna of the BSU and to 31.6 mW (EIRP) at the SU
antenna. Both values comply with the German frequency regulations [17]. The TX frequency
range (IEEE 802.11a channel) is chosen by the devices automatically.

2.3

Measurement methodology

The Tsunami MP.11 base station provides system statistics. This data is accessible via the
Simple Network Management Protocol SNMP. The software used to collect data via the
SNMP interface was developed for this study and written in Java. It cyclical reads the values
from the sender and stores them on the generator. The metrics on the physical layer are:
• Signal and noise from SU and BSU.
• Actual on-air transmission rate between the physical layers at SU and BSU.
• Number of frames that had transmission errors.
Values for signal, noise, and data rate were collected every second. Data about the number
of failures and retransmissions are collected every two seconds. The reason for this is that
the base station refreshes its internal data record in these intervals.
In addition to the collection of data from the SNMP, a constant data stream of UDP
datagrams was sent over the wireless link from the generator to the reflector. Every frame
of this data stream contained a sequential number that was stored at the reflector. With a
packet size of 1400 Bytes and 100 transmitted frames per second, the data rate of the stream
was about 1 Mbit/s.
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Weather data was recorded to examine the influence of weather on the wireless connection.
The data was provided by the weather observation station of the university [18]. The data
was collected every 10 minutes via the web interface of the weather station.
The above described physical layer metrics examine the theoretically achievable data
rate due to physical properties. We studied application layer performance via the following
metrics:
• Effective data rate (e.g. the data rate between two applications) [Bits/s]
• Latency of the data packets on application level [s]
• Jitter of the data packets [s]
• Packet failures of a data stream
To collect the data for this metrics the network performance software IPERF [19] from the
University of Illinois was used. IPERF provides the metrics effective data rate, jitter, and
packet failures for an UDP stream for a given input data rate. For a TCP stream it provides
only the output data rate. The input data rate of a TCP stream is handled by TCP itself,
since TCP automatically adjusts the input data rate . IPERF runs on the generator and the
reflector station. It is embedded in a Perl-written test bench. This test bench controls all
measurements on the application layer. Each measurement contains of 2 intervals: During
the first interval IPERF runs configured with the current metric for a period of 15 seconds.
The gathered data is stored on the generator. After this an idle period of 5 second follows. In
this period no data is transmitted between the generator and the reflector. This is required
to flush the transmit queues and buffers on each side and to set up the system for the next
measurement.
The latency on the application layer is measured with the ICMP protocol in parallel to
all IPERF measurements. Every second an ICMP packet with a payload of 1024 bytes is
transmitted from the generator to the reflector.

3

Measurement results

This chapter presents the results of the performed measurements. It starts with the physical
layer and goes on to the application layer and the availability. At last a small analysis of the
runlength distribution is presented.
There are no results concerning the influence of weather to the quality of the connection.
The reason is that we could not see an evident correlation between the weather and the
channel quality.

3.1

Physical layer measurements

The Tsunami MP.11 5054 devices measure the signal to noise ratio. The data rate chosen
on the physical layer depends on these measured values. They are stored in the devices and
can be read out using SNMP. The values stored in the devices are already time averages of
2 values calculated as
3
1
valueavg = valueold + valuenew
(1)
4
4
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Table 2: Thresholds for data rates[14]
Data rate

SNR threshold

6 Mbit/s
9 Mbit/s
12 Mbit/s
18 Mbit/s
24 Mbit/s
36 Mbit/s
48 Mbit/s
54 Mbit/s

6 dB
7 dB
9 dB
11 dB
14 dB
18 dB
22 dB
25 dB

The signal strength and the noise is measured for each transmitted frame. For our measurement the values were read out every second since the devices update their internal values
in this interval. The measurement started on September the 19th and stopped on October
the 26th. During this period the measurement was only interrupted by device resets due to
firmware crashes.
Figure 2(a) shows the characteristics of the measured SNR values. Each point in the
figure represents means of all values per day. Confidence intervals are shown for a 95%
confidence level. As shown, the SNR values mostly vary slightly in the interval 25 to 26 dB.
The histogram of the measured values is shown in Figure 2(b). It confirms that the values
are mostly in the interval mentioned before. Only a few values are higher than 27 dB. The
histogram shows two peaks. One at the values around 26 dB and one around 18 dB. The
highest peak corresponds to the SNR values that were mostly measured. The other, at 18
dB, corresponds to the low SNR ratio measured from September the 23th to September the
25th. We do not know the reason for the sudden decrease of the SNR. On the other hand,
the increase of the values on September the 25th happened after a reset of the base station
unit; so this may result from a system anomaly.
The next metric that was measured was the on-air physical data rate chosen by the
devices. It depends on the measured SNR values. For choosing the data rate the devices take
the measured SNR values and compare it with threshold values shown in Table 2. This leads
to the data rate that will be used. Note that the SNR is not the only parameter that is used
for choosing the data rate. It is also affected by the current amount of transmission failures
and retransmissions. This mechanism provides a fall back if the chosen data rate is too high
and would lead to frequent transmission failures and retransmissions. Figure 3 shows the
characteristics of the chosen on air data rate as well as its histogram. The data rate of the
BSU mostly fluctuates between 36 and 48 Mbit/s. This leads to the conclusion that one can
expect a minimum data rate of 36 Mbit/s on the physical layer in this scenario. The impact
of the period with low SNR values can be seen also in the data rate characteristics of the
base station unit. During these days the data rate decreased with the SNR. The mean of the
data rate is less than 36 Mbit/s during this period, which means that the data rate fluctuates
between 24 and 36 Mbit/s. The histogram of the values confirms this observation.
On the other hand, the SU data rate shows strongly fluctuates between 24 and 48 Mbit/s.
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(a) Signal to noise ratio (SNR) vs. time. Confidence intervals are shown
for a confidence level of 95%.
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(b) Histogram of the signal to noise ratio values. Mean is 25.1 dB, standard deviation is 2.2 dB.

Figure 2: Signal to noise ratio (SNR) measured over a period of 28 days (19th of September
2006 to the 16th of October 2006).
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(a) On-air data rate at the physical layer of BSU and SU. The solid line
represents the data rate of the BSU, the dotted line represents the
data rate of the SU. Confidence intervals are shown for a confidence
level of 95%.
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(b) Histogram of the chosen on-air data rates of BSU and SU. The mean
of the measured values is 40 Mbit/s for the BSU and 37.5 Mbit/s for
the SU. Standard deviations are 6.6 Mbit/s (BSU) and 6.3 Mbit/s
(SU).

Figure 3: Characteristics of the on-air data rate at the physical layer of the SU and BSU.
The measurements were performed in parallel to the SNR measurements shown in Figure 2.
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Figure 4: UDP data rate compared to the SNR, measured for 7 days from the 25th of November 2006 to the 1st of December 2006. Confidence intervals are shown for a confidence level
of 95%. The input data rate of the UDP stream was 18 Mbit/s.

However, since there was no constant data stream from SU to BSU these results are not
relevant. Since the SNR is measured over the incoming frames and there was no data stream
sent from the SU to the BSU, it could be difficult to determine the correct data rate for the
SU.

3.2

Application layer measurements

The generator and the reflector runs the software IPERF to collect the data from the measurements. The test bench executed the following measurements:
• UDP performance measurement with a fixed input data rate over a period of 7 Days
• TCP maximum performance measurement with a fixed TCP window size over a period
of 7 Days
• UDP measurement with an increasing input data rate
• Time of failures and a time between failures measurement over a period of 28 days.
The first measurement describes the effect of the SNR on the UDP output data rate. This
measurement started on November the 25th and stopped on December the 1st. The UDP
input data rate was set to 18 Mbit/s. The SNR values were measured as described in Section 3.1.
Figure 4 shows the effect of SNR on, respectively, the chosen data rate of the SU and BSU
and the UDP input data rate for a period of seven days. Confidence intervals are shown for
95% confidence level in this figure and in Figures 5 to 8. The figure shows the variation of the
SNR value and the corresponding changes of the output data rate. With a mean SNR value
of 19.5 dB the output data rate reduces to a mean of 15.8 Mbit/s. On the higher mean SNR
value the output data rate rises to a mean value of 17.5 Mbit/s. The maximum output data
Copyright at University of
Paderborn. All Rights reserved.

TR-RI-07-281

Page 9

3

MEASUREMENT RESULTS

20000

UDP Output data rate
TCP Output data rate

19000

Output data rate [kBits/s]

18000
17000
16000
15000
14000
13000
12000
11000
0

2

4

6

8

10 12 14
Time [h]

16

18

20

22

24

Figure 5: TCP and UDP data rate vs. hour per day. Measured for 7 days from 25th of
November 2006 to 1st of December 2006 (UDP) and from 10th of December 2006 to 16th
of December 2006 (TCP). The input data rate of the UDP stream is 18 Mbit/s, the TCP
window size is 64k. Confidence intervals are shown for a confidence level of 95%.

rate in this figure is 17.9 Mbit/s and the maximum confidence interval width is 92 Kbit/s.
Although from this figure one might expect a correlation between the time of the day and
the output data rate, this is disproved in Figure 5. This figure shows the mean values for the
time of the day per hour for a measurement period of 7 days. It shows that all results for
UDP are around 17 Mbit/s.
In addition to the UDP measurement we performed TCP measurements with TCP window
size of 64k. These measurements started on December the 10th and lasted until December the
16th. The result is presented by the dotted line in Figure 5. The TCP algorithm determined
the maximum input data rate. The range of the TCP output data rate is from 11.6 Mbit/s
to 13.1 Mbit/s. The reason for the slight variation of the output data rate of the TCP stream
is unknown and will be further studied in the scope of a bachelor thesis. A possible reason is
the determination of the highest input data rate by the TCP algorithm. The reason for the
lower output data rate of the TCP data stream compared to the UDP data stream are the
parameters of the TCP connection (e.g. TCP window size) and the maximum transfer unit
(MTU) size.
The metrics UDP output data rate, jitter, latency, and packet loss rate are measured
depending on the input data rate. The results of this measurement are shown in Figures 6,
7 and 8. The input data rate increases from 1 Mbit/s in steps of 400 Kbit/s to a maximum
input data rate of 23.4 Mbit/s. At this input data rate, the connection is saturated. The
effective data rate begins to fall and the amount of dropped packets increases. Every value
was measured 20 times before increasing. The measurements were done on November the
24th 2006 from 6:00am to 1:15pm.
In Figure 6 the solid lines show the mean values of the output data rates. In addition the
dotted line shows the packet loss rate. The output data rate increases linearly to the input
data rate to a maximum value of 21063 Kbit/s. Close to the maximum output data rate the
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Figure 6: Output data rate and percentage of failed packets vs. input rate for an UDP stream.
Confidence intervals are shown for a confidence level of 95%.
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Figure 7: Mean packet latency and output data rate vs. input rate for an UDP stream.
Confidence intervals are shown for a confidence level of 95%.
confidence intervals start to grow. This behavior depends on the failed packets ratio also
shown in this figure. The packet loss rate escalates for input data rates over 21000 Kbit/s.
Figure 7 shows the corresponding latency of the ICMP data packets to the output data
rate. The minimum latency of the ICMP packets is 23.95 ms and increase to 85.24 ms (input
data rate = 21000 Kbit/s). Above this maximum output data rate the latency escalates
similar to the packet fail rate. The reason for this behavior is the congestion of the transmit
queues at the BSU. The latency values for input data rates smaller than 4000 Kbit/s are
higher than the latency values between 4000 Kbit/s and 18000 Kbit/s.
The last metric of this measurement is the standard deviation of the UDP packet latency,
called jitter. Figure 8 shows the results depending on the input data rate. The maximum
mean value is 5.0 ms, the average of the mean values is 2.2 ms. The largest confidence interval
width is 3.4 ms, hence, the maximum range is 8 ms. The jitter does not grow not above
21 Mbit/s since this value can only be measured for correctly transmitted packets. Thus, the
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Figure 8: UDP packet jitter and output data rate vs. input rate for an UDP stream. Confidence intervals are shown for a confidence level of 95%.
measured jitter is quite equal for all UDP input data rates of the wireless link.

3.3

System failure measurements

Assume a system failure if the BSU is not able to send date to the SU. A failure is detected if
the SNR value of the SU or the BSU is equal to zero, or if the number of registered subscriber
units is zero. A failure is also detected if the respond time of a device grows larger than 5
seconds. If a device is not responding during this time, we assume that the device as well as
the connection is down. The measurement for the failure times lasted for 28 days. It started
on October the 8th and stopped on November the 4th. The histogram of the failure durations
is shown in Figure 9. The histogram shows two peaks at 120 seconds and at 180 seconds. The
reason for the 180 seconds peak is at the BSU. The BSU needs nearly 180 seconds to reboot
the system to activate the wireless link. We do not know the reason for the 120 seconds peak,
but since we can exclude BSU failures this may result from a failure at the subscriber unit.
The mean value of the duration of a failure is 143 seconds.
A common system failure metric is shown in Figure 10. It shows the time between failures.
The measurement period is the same as for Figure 9. During this period of measurement, the
wireless connection was stable for a maximum time of 43.6 hours. The mean time between
failures is approximately 8 hours. The availability of the connection is about 99.5 %.
The failures of the BSU and the SU may result from firmware or hardware problems or
from automatic reset if a radar impulse is detected by the HF unit [13].
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Figure 9: Duration of failure measured for a period of 28 days (8th October to 4th November
2006). The mean duration of a failure is 143 seconds.
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Figure 10: Time between failures measured for a period of 28 days (8th October to 4th November 2006). The mean time between failures (MTBF) is approximately 8 hours (28732 seconds).
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Figure 11: Histogram for the runlength of correctly received packets. The bars show the
histogram of the runlength. The solid line represents an exponential distributed probability
density function (PDF) parameterized with the mean of the measured runlength, i.e. 790
packets.

3.4

Runlength distribution

The runlength distribution gives an overview of the number of packets transmitted without a
packet failure. Such a run represents the number of sequentially received packets without an
error. To measure this, a UDP packet stream was sent over the connection with a fixed rate.
Per second 500 packets with a size of 1024 byte were sent. Each packet contained a sequence
number that was stored on the reflector.
Out of the data the number of packets that was transmitted sequentially without failures
was calculated. The results of this measurement is shown in Figure 11 and 11. Figure 11
shows the histogram of the measured runlength. As can be seen, small runs of packets
without failure occur much more often than long runs. The mean length of a run is about
790 transmitted packets without a failure. By observing the histogram shown in Figure 11 we
assume the probability of the runlength to be exponentially distributed. For this reason an
exponential probability density function parameterized with the mean of the measured data
is also plotted in Figure 11. This probability density function resembles the the histogram of
the measured values.
We further study this in Figure 12. Here, the solid line shows the empirical complementary
cumulative distribution function (ECCDF) of the measured values and is compared to a
exponential CCDF parameterized with the mean of the measured values. Since the measured
data behaves similar to the shown exponential CCDF this leads to the assumption that the
runlength is exponential distributed.
Comparing the observations of the measured values to the exponential distribution function confirms our assumption of an exponential probability distribution of for the runlength
of the error free transmitted packets. Nevertheless more statistical tests are required to prove
this assumption.
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Figure 12: Empirical complementary cumulative distribution function (ECCDF) of the correctly received packet runlength compared to a standard exponential CCDF.

4

Conclusion

In this technical report we evaluated whether it is possible to exploit the benefits of WLAN
technology, as typically used in indoor scenarios, even under medium range outdoor conditions. For this reason we analyzed the performance and stability of a peer-to-peer WLAN
Line Of Sight (LOS) link by experiments within a measurement period of 4 months. Based
on our measurement results we conclude as follows:
• Channel conditions and physical layer performance: The measurements on the
physical layer showed that standard WLAN hardware is able to provide high on air
data rates over medium range. The measured data rate mostly fluctuated between 36
and 48 Mbit/s. In the studied scenario an average on air-data rates of 36 Mbit/s can be
expected without high variance. Only during a small period the signal to noise ratio
showed a sudden decrease. This, naturally, had an impact on the on air data rate, but
the impact was relatively small; during this period the on air data rate decreased to 24
to 36 Mbit/s. Thus, the physical layer measurements showed a high performance for
this connection.
• Application layer performance: Measurements at the application layer lead to
results similar to the physical layer study. High data rates were reached using the
UDP and the TCP protocols with standard parameters. On the average application
layer data rates of 17 Mbit/s with UDP and 12 Mbit/s with TCP were reached. For
both protocols the results show only a small variance. The difference between the UDP
and TCP results from the overhead due to the TCP acknowledgments and flow control
functions. The media streaming relevant metrics packet latency and jitter also show
high performance. The measurements show that the data rate of this medium range
connection is comparable to a typical short range WLAN connection.
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• System stability: An established connection between the devices is stable. As mentioned, it shows only a small variance in data rate and latency. This is the case for
the Physical as well as for the Application layer. This availability of the connection
satisfies the expectations for a typical WLAN link. Nevertheless, there were several
system stability issues which lead to frequent device resets and, thus, disconnections of
the stations for 143 seconds on the average. After this time the connection was available again. The mean time between these failures was measured to be approximately
8 hours. A possible cause of these disconnections are problems in Proxim’s firmware
Version 2.3 or resets due to (not logged) Radar beams recognized by the high frequency
front end.
We conclude that it is possible to profit from cheap and easy to use and to deploy IEEE
802.11a-based WLAN technology in medium-range outdoor scenarios. Using the appropriate
antennas, data rates and latencies comparable to indoor scenarios can be reached while
staying within frequency and transmission power regulations. This high performance, if,
e.g., compared to cellular approaches, is provided at acceptable variance and with almost no
configuration and calibration overhead. However, while this significantly reduces deployment
costs the required automatisms, e.g. frequency control, MAC, and radar recognition, may
introduce unpredictable system behavior. Due to the system stability issues during the
measurement period we conclude finally that high availability cannot be provided by the
employed devices. This makes the studied scenario most suitable for non-critical applications,
e.g. for providing backup links or public Wireless Metropolitan Area Networks (WMANs)
with soft service level agreements.
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