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ABSTRACT 

   This paper addresses the physical and MAC layer performance of the IEEE 802.11b wireless local 
area networking (WLAN) standard in range-extended outdoor applications for high speed network 
platforms.  Physical layer performance is quantified by bit error rate (BER) and packet error rate 
(PER) vs. range performance as well as acquisition and tracking performance considering Doppler 
effects caused by such high-speed platforms.  This performance assessment is ascertained through 
the use of modeling and simulation and hardware-in-the-loop testing. 
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INTRODUCTION 

The Two-Way Robust Acquisition of Data (2-RAD) program is intended to investigate and define an 
architecture to enable high-speed data acquisition and command of mobile platforms.  The goals of 
this architecture are to provide a cost effective ground network while providing high-speed 
connectivity to a variety of mobile platforms, including high-speed projectiles that are equipped with 
ruggedized, miniaturized radios.  The 2-RAD system will be primarily employed within the U.S. 
Army test community at various Proving Grounds sites.  U.S. Army Yuma Proving Grounds (YPG) 
in Yuma, AZ implemented a wireless local area network (WLAN) infrastructure in 1996 using 
commercial-off-the-shelf (COTS) equipment that conforms to the IEEE 802.11b WLAN standard.  
That WLAN infrastructure now serves as a candidate architecture for the future 2-RAD system. 
Cisco Aironet 340 series wireless bridge products (i.e. base stations) are used to provide the WLAN 
backbone, while the same Cisco Aironet 340 series bridge products are used to provide coverage for 
mobile platform connectivity.   
 
There are a total of six base stations which provide the primary WLAN coverage across YPG: Site 1, 
Site 2, Site 3, Site 4, Site 5 and Site 6.  Sites 1, 2 and 3 provide the core 11 Mbps 802.11 WLAN 
coverage.  The three additional base stations are used to provide coverage to isolated areas not 
serviced by the three primary sites.  This network topology is illustrated in Figure 1.   
 
 



 

 

3 Types of YPG WLAN Sites: 

 
Figure 1.  YPG WLAN site locations 

 
YPG CASE STUDY 

There are three classes of platforms in the YPG architecture: 1) infrastructural fixed-sites, 2) fixed-
position user platforms, and 3) mobile user platforms.  The infrastructural sites provide the backbone 
connectivity to the range and are set up as wireless repeaters, generating no data of their own.  A 
link budget analysis was performed based on the three classes of platforms enumerated above [2].  
These tables were generated using the guidance provided by the International Telecommunications 
Union (ITU) in recommendation ITU-R M.1225 [3].  From Table 1, the WLAN backbone can be 
maintained with base station separation distances of up to ~26 km to ~53 km for the various IEEE 
802.11b data rates assuming worst case channel noise characteristics. For a more nominal case, 
Table 1 shows a maximum range of from ~71 km to ~165 km. Table 1 implies that, for the WLAN 
backbone link, MAC layer functionality can be maintained essentially as long as line-of-sight 
connectivity is available (assuming ground-based network sites).  Network and transport layer 
functionality can be maintained for long distances (26-39 km) for worst-case channel characteristics, 
with even longer achievable ranges for more nominal conditions (71 – 97 km).  Table 2 shows that 
for mobile network users, the maximum ranges vary from ~6 km to ~12 for the various IEEE 
802.11b data rates assuming worst case channel noise characteristics.  For the more nominal case not 
shown (mobile user to infrastructural site), network and transport layer functionality can be 
maintained for long distances (6-9 km) for worst-case channel characteristics, with even longer 
achievable ranges for more nominal conditions (16 – 21 km).  



 

 

                                     
 TABLE 1.  Infrastructural Site to Infra-                                 TABLE 2.  Mobile User to infrastructural            
                    structural Site Link Budget                                                                             Site Link Budget 
 

 
Figure 2.  Topology Map for YPG.  Contour lines shown from 100m to 500m. 

Figures 3 and 4 show the Eb/No coverage maps for YPG for both 5.5 Mbps and 11 Mbps 
respectively.  We see that as the data rate increases, the coverage decreases as expected.  These maps 
provide the basis for bit error rate (BER) and packet error rate (PER) coverage predictions. BER and 
PER values were determined from Eb/No thresholds found in [4].    Figures 5 and 6 show the BER 
regions determined for the different data rates as we have calculated for YPG. Most of the contour 
lines collapse upon one another when coverage areas encounter rapid degradation due to terrain.  
White space indicates lack of coverage.  As is expected, the BER contours shrink with increasing 
data rate.  Packet error rate (PER) contours were generated for 1000-byte packets as assumed in [4]. 
Figures 7 and 8 show the PER contour regions for YPG.  Once again, these regions shrink with 
increasing data rate but are mostly limited by terrain and not distance.  Horizontal lines of coverage 
for both BER and PER contour areas are visible because of diffraction effects.  The results of this 
case study were consistent with the anecdotal results reported by YPG personnel. 
 

PERFORMANCE PREDICTIONS THROUGH HARDWARE-IN-THE-LOOP TESTING 
While the results presented in [2] are insightful in terms of the range extension capability of the 
IEEE 802.11b WLAN standard, it is of interest to support a wide variety of mobile user platforms 
with this network.  For this reason, it is of interest to address the performance of the IEEE 802.11b 
WLAN standard for these types of mobile users in a mobile setting.  A testbed approach was 



 

 

selected due to the difficulty in creating the desired test environment in order to predict network 
performance for high-speed network elements (up to Mach4).  
 

                                               
Figure 3.  YPG Eb/No Coverage Map                                                   Figure 4.  YPG Eb/No Coverage Map 
                 for 5.5 Mbps                             for 11 Mbps 
 

                                     
         Figure 5.  BER Contour for 5.5 Mbps                Figure 6.  BER Contour for 11 Mbps 
 

                                             
          Figure 7.  PER Contour for 5.5 Mbps                                       Figure 8.  PER Contour for 11 Mbps 
 
The Johns Hopkins University Applied Physics Laboratory (JHU/APL has developed the Adaptable 
Channel Testbed for Investigating On-the-move wireless Nodes (ACTION).  ACTION is a 
comprehensive testing platform used to analyze the performance of wireless networks with on-the-
move mobile nodes.  ACTION provides a controlled simulation environment to model mobile nodes 
and the cellular-like network area they move through.  Hardware and software devices that control 
and change the signal components form the heart of ACTION.  The network analysis software tool 
WildPacketsTM is employed to collect statistics on packet errors, latencies, and link availability.  



 

 

Figure 9 provides a block diagram overview of ACTION.  Base stations provide the network 
“backbone” to the mobile node.  The antenna ports of the base stations are wired into the Amplitude,  

  
Figure 9.  Block Diagram Overview of ACTION 

 
Phase, and Frequency Control (APFC) module which controls the signal between the base stations 
and the simulated “mobile” node.  A PC connected to a Labview control device drives the APFC.  
The simulated mobile node is also connected to a PC that controls data flow and measures network 
statistics such as bit error rate (BER), packet error rate (PER), and latency.  ACTION will only 
support three base stations and a single mobile network user.  It is possible, however, to simulate 
more than three base stations in a hypothetical network being simulated by ACTION.  This is 
achieved by only considering the nearest neighbors of a mobile network user.  In reality, very low 
signal levels are being received at far-distance mobile sites.  In the ACTION paradigm, those base 
stations are receiving no signal power because they are not communicating at all to the mobile user 
platform.  The communications link between the mobile user platform and three base stations are 
simulated at any one time instant.   

 
TEST SETUP 

Several tests were performed using ACTION to determine packet drop rate (PDR) performance over 
a UDP connection.  In each test, 10,000 UDP packets were generated, each 1024 bytes long, at the 
source Cisco 350 wireless bridge (henceforth source node) with a fixed interpacket delay and sent 
over the wireless link to the destination Cisco 350 wireless bridge (destination node).  The packet 
drop rate (PDR) was measured:  

PDR = 1 - (Number of Packets Received / Number of Packets Transmitted) 
An APFC was placed between the source and destination nodes within the RF chain to control the 
amplitude and frequency of the signal.  Tests were performed with both wireless bridges only 
communicating at a fixed data rate, and then for mixed mode. 
 

FIXED DATA RATE PERFORMANCE 
For the fixed data rate tests, the interpacket delays and maximum throughput/percent of maximum 
data rate for each 802.11b data rate are shown below in Table 3.   

Data Rate Interpacket Delay Max 
Throughput/% 
of Data Rate 

1 Mbps 20 ms 411 Kbps/41% 
2 Mbps 10 ms 867 Kbps/43% 

5.5 Mbps 4 ms 2.5 Mbps/45% 
11 Mbps 2 ms 3.78 Mbps/35% 

TABLE 3.  Interpacket Delay for Fixed Data Rate Cases 



 

 

 
Effects of Signal Leve l (1 Mbps)
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Effects of Signal Level (2 Mbps)
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                  Figure 10.  PDR for 1 Mbps                  Figure 11.  PDR for 2 Mbps 

Effects of Signal Level (5.5 Mbps)
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Effects of Signal Level (11 Mbps)
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      Figure 12.  PDR for 5.5 Mbps `    Figure 13.  PDR for 11 Mbps 
 
The interpacket delay for each data rate was chosen as an expected “typical” loading scenario for a 
notional network.  Maximum throughput was kept below 50% of the maximum data rate to reduce 
the chance that UDP packets would flood the network and decrease the exchange rate of critical 
802.11b layer 2 overhead packets (control, management).  It is important to note that for fixed data 
rate cases, all packets exchanged over the network are at the same data rate in the data payload 
portion of the PPDU.  This includes beacons, 802.11 management, control, and data packets.  Long 
preambles are still used, however, to provide the optimal synchronization performance for the 
802.11b waveform at Layers 1 and 2.  The effects of signal level on the packet drop rate for each 
data rate are shown in Figures 10-13.  For the 1 Mbps case in Figure 10, the PDR goes to 1 at an 
SNR ≤ 11 dB.  However, we see a sharp decrease to almost zero PDR for SNR ≥ 13 dB.  It was 
observed during these tests that for the lower SNR cases with PDR = 1, the source and destination 
nodes were exchanging many CTS and RTS messages(fixed length, 60 bytes) often at layer 2 
because of the flood of layer 2 retransmission requests from the destination node.  This caused 
significant network congestion, and since UDP packets are only best-effort with no retransmission, 
they were dropped continuously.  In a TCP session, however, congestion control algorithms could 
mitigate this problem.  For the 2 Mbps case in Figure 11, for SNR ≤ 11 dB, the PDR is 1.  However, 
there is once again a sharp decrease to a PDR of 0 for SNR ≥ 13 dB.  In this sense, the 1 Mbps and 2 
Mbps waveforms are equivalent in PDR performance given the test setup we employed.  The same 
congestion conditions were observed at layer 2 for low-SNR 2 Mbps case as compared to the 1 
Mbps case.  At the lower data rates, the CTS, RTS, and retransmission requests occur with higher 
frequency because of the higher probability of collision between retransmission requests, other 



 

 

management packets, and the UDP packets.  The same behavior is not necessarily observed at the 
higher data rates for the same SNR levels.  For the 5.5 Mbps case in Figure 12, for SNR ≤ 10 dB, the 
PDR was observed to be unity.  However, the dropoff to lower PDR is slightly less abrupt then the 1 
Mbps and 2 Mbps cases, with a near-zero PDR occuring at SNR ≥ 13 dB.  For the mid-level PDR 
(0.33) occuring at SNR = 11 dB, the congestion in the network is not as apparent as the 1 Mbps and 
2 Mbps cases.  This is because the loading on the network caused from retransmission requests, 
CTS, and RTS messages, is smaller because of the higher data rate.  These requests get through the 
network faster and with less probability of collision at that higher data rate and take less time to get 
to the destination.  For the 11 Mbps case in Figure 13, for SNR ≤ 13 dB, the PDR is 1.  There is a 
less abrupt decrease in PDR than the 5.5 Mbps case.  For SNR ≥ 23 dB, the PDR is essentially zero.  
Once again, as with the 5.5 Mbps case, the CTS and RTS messages are exchanged less often because 
the relative loading on the network for retransmission requests and other management packets is 
small compared to the lower data rates.   
Figures 14 through 17 show the PDR performance for each data rate when there is a frequency shift 
introduced on the channel.  Here, a frequency shift was introduced by serrodyning.  The purpose of 
this test was to investigate the performance of the 802.11b waveform under such real-world 
conditions as doppler shift.  For the 1 Mbps case in Figure 14, the frequency shift is shown to vary 
between -40 kHz and +40 kHz.  The packet drop rate is relatively small in this range, only from 
PDR = 0 at 0 kHz shift to PDR of approximately 0.06 for +/- 40 kHz.  For frequency shifts greater 
then +/- 40 kHz, the source and destination nodes were exchanging massive amounts of management 
and control traffic because of the errors introduced at these frequency shifts at layer 2.  The results 
suggest that the cutoff for maintaining a layer 3 IP connection requires a frequency shift less than +/- 
40 kHz. The PDR versus frequency shift curve here looks almost symmetric for positive or negative 
frequency shift.  This suggests the synchronization circuit implementation of the Cisco 350 radio 
does not exhibit a performance benefit preference for positive or negative frequency.   
 

Effects of Frequency Shift (1 Mbps)
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Effects of Frequency Shift (2 Mbps)
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     Figure 14.  PDR for 1 Mbps          Figure 15.  PDR for 2 Mbps 

The 2 Mbps case in Figure 15 shows a more skewed, asymmetric PDR profile for frequency shift.  
Here, the observed PDR for positive frequency shifts of +10, +20 and +30 kHz are much higher than 
their negative counterparts.  In fact, for negative frequency shift, a PDR of zero is essentially 
realized until -20 kHz when the PDR starts to increase.  Ten measurements at each high shift (+/- 10 
kHz, +/- 20 kHz, and +/- 30 kHz) were made to make sure this was not an anomalous observation.  It 
seems that at the 2 Mbps case, the frequency shift is asymmetric and PDR is higher for the same 
positive frequency as compared to its negative frequency.  This may be an artifact of the particular 
Cisco radio implementation or the particular modulation used (DQPSK) at this data rate.  It is hard 



 

 

to determine what the exact performance specification is without obtaining Cisco proprietary 
information on their particular implementation of 802.11b.   

Effects of Frequency Shift (5.5 Mbps)
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Effects of Doppler (11 Mbps)
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           Figure 16.  PDR for 5.5 Mbps            Figure 17.  PDR for 11 Mbps 

The 5.5 Mbps case is shown in Figure 16.  Here, the PDR is much more sensitive to frequency shift, 
though the approximately symmetric frequency shift versus PDR curve shape is maintained.  A PDR 
of 1 is realized for frequency shift ≥ 0.5 kHz.  The source node and destination node were observed 
to exchange significantly more CTS, RTS and retransmission request packets at higher frequency 
shifts.  The 11 Mbps case is shown in Figure 17.  Here, the same behavior as in Figure 16 for the 5.5 
Mbps case was observed.   
 

MIXED MODE DATA RATE PERFORMANCE 
To analyze the effects of the interpacket delay on the network, test cases were performed with both 
source and destination node free to operate on any data rate.  Interpacket delay was plotted versus 
PDR for four different SNRs, ranging from very good to nominal.  Here, 10,000 UDP packets were 
generated at the source, of length 1024 bytes each.  The PDR is defined the same way as in the fixed 
data rate cases.  Figures 18 through 21 show the mixed mode PDR performance as a function of data 
rate.  Furthermore, Tables 4 through 7 show the overall (layer 2) packet distribution between the 
data rates for each case.  These tables give some insight to the way the Cisco 350 radios handle poor 
link conditions and congestion caused by small interpacket delay.  The maximum throughput of each 
interpacket delay is shown in Table 4.   
 

Interpacket Delay 
(ms) 

Max. Throughput (Mbps) 

1 7.5 
2 3.8 
4 2.5 
8 1.1 
16 0.5 
32 0.25 

TABLE 4.  Interpacket Delay/Maximum Throughput 

The SNR = 9 dB case is shown in Figure 18.  Here, there is a graceful degradation in PDR versus the 
interpacket delay.  It is interesting to observe (Table 5) that at 1 ms delay (PDR = 1), the traffic 
distribution is nearly all 2 Mbps packets (89%), whereas at 32 ms delay, the PDR is much lower 
(0.04), with  most packets (90%) 1 Mbps packets.   
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           Figure 18.  PDR for SNR = 9 dB case          TABLE 5.  Packet distribution for SNR = 9 dB case 
 

SNR 12 dB
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                Figure 19.  PDR for SNR = 12 dB                                      TABLE 6.  Packet distribution for SNR = 12 dB 
case 
 
The SNR = 12 dB case is shown in Figure 19.  Here, there is a more rapid degradation in PDR 
versus the interpacket delay.  For the low interpacket delay case (1 ms), Table 6 shows the packets 
are highly concentrated between the 5.5 Mbps (49%) and 11 Mbps (40%) waveforms; there are less 
1 Mbps (1.5%) and 2 Mbps (8.8%) packets observed.  However, for a mid-level interpacket delay (8 
ms), the distribution shifts significantly with the majority being 5.5 Mbps packets (54%), next 
highest being 2 Mbps packets (38%), and more packets at 1 Mbps (5%).  This is because there is 
more chance for overhead packets at the lower data rate to manage and control the network more 
effectively to increase the chance of packet delivery success.   
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                Figure 20.  PDR for SNR = 18 dB     TABLE 7.  Packet distribution for SNR 

= 18 dB 

The SNR = 18 dB case is shown in Figure 20.  Here, the PDR decreases even more rapidly with 
increasing interpacket delay.  In Table 7, the low interpacket delay (1 ms) case with PDR of 0.8 
shows a packet distribution of 97% for 11 Mbps packets, with 0% in the 2 Mbps and 5.5 Mbps bins, 
while the 1 Mbps packets only accounted for 3%.  This suggests that the massive amount of UDP 
packets flooding the network does not give the radios enough time to make use of retransmission 
requests and adjusting data rate to provide a higher probability of packet delivery success.  In the 
very high interpacket delay case (32 ms), most of the packets continue to be transmitted on the 11 

Delay 1 Mbps 2 Mbps 
5.5 
Mbps 11 Mbps 

1 0.0418 0.89375 0.02339 0.04105 
2 0.23424 0.73944 0 0.02632 
4 0.4609 0.49111 0 0.04799 
8 0.94648 0.02147 0 0.03205 

16 0.94847 0.01001 0.005 0.03652 
32 0.90485 0.04199 0.0035 0.04967 

Delay 1 Mbps 2 Mbps 
5.5 
Mbps 

11 
Mbps 

1 0.01538 0.08868 0.49059 0.4053 
2 0.01705 0.09425 0.88119 0.0075 
4 0.05143 0.37806 0.54348 0.0270 
8 0.02523 0.48861 0.47681 0.0093 

16 0.05811 0.35174 0.57154 0.0186 
32 0.12739 0.35276 0.48976 0.0300 

Delay 1 Mbps 2 Mbps 
5.5 
Mbps 

11 
Mbps 

1 0.03000 0 0 0.9712 
2 0.01052 0.0021 0.01436 0.9730 
4 0.01348 0.00263 0.32165 0.6622 
8 0.03424 0.00413 0.31057 0.6510 

16 0.06097 0.00943 0.24754 0.6820 
32 0.12068 0.02372 0.16401 0.6916 



 

 

Mbps waveform (69%) but more are transmitted in the 1 Mbps (12%) to account for management 
and control messages being exchanged between the time when a UDP packet is not traversing the 
channel.  
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 Figure 21.  PDR for SNR = 36 dB case               TABLE 8.  Packet distribution for SNR = 36 dB 

Figure 21 shows the SNR = 36 dB case.  Here, the 1 ms delay produces a PDR of 0.35.  At this 
delay, the packet distribution (Table 8) is composed primarily of 11 Mbps (98% for 1, 2, and 4 ms 
delays), and 1 Mbps (approx 1-2% for 1, 2, and 4 ms delays).  At the 8 ms delay, the PDR goes to 
zero, with a packet distribution of 96.6% for 11 Mbps and 3.4% for 1 Mbps.  This is considered to 
be the case at which the “optimal” loading is achieved to obtain a zero PDR.  Any packet delay 
above and beyond this delay would be excess for the high SNR case.   

 
CONCLUSIONS 

Analysis of the IEEE 802.11b physical layer was performed to determine its applicability as a 
candidate for the future 2-RAD system.  A case study was performed of the proof-of-concept 
network utilized at the Yuma Proving Ground in Yuma, Arizona.  Test cases were performed at each 
data rate using ACTION to determine the effects on UDP packet drop rate for variable link 
conditions including constant SNR changes and constant frequency shift changes.  The results 
suggest that frequency shift significantly increases PDR for all cases, though less drastically for the 
lower data rate cases.  Mixed mode test cases were performed to analyze the effect of interpacket 
delay on network loading and packet data rate distribution.  It was found that low interpacket delays 
usually force the Cisco 350 radios to use higher data rates in lower SNR cases, but that higher 
interpacket delays allow the Cisco radios to exchange other information in between UDP packets 
that allow the radios to adjust and control the link to increase the probability of received packet 
success.   
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