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*Abstract – The rapid deployment of wireless net-

works in various environments necessitate the devel-
opment of new end-to-end tools that monitor and 
measure the properties of wireless paths well. In this 
paper, we implement AdHoc Probe, a recently pro-
posed path capacity estimation tool specially designed 
for the multi-hop ad hoc wireless environment. We 
present an implementation of AdHoc Probe in Linux; 
discuss challenges in its deployment, and solutions to 
the various system issues encountered. We also evalu-
ate the behavior/effectiveness of AdHoc Probe in 
various testbed setups; including an interfered setting 
that cannot be simulated. Experiment results validate 
the workings of AdHoc Probe and offer insights into 
how the capacity of a wireless path changes in real 
wireless environments. Our efforts provide a basis for 
realistic results that can be of assistance in activities 
such as capacity planning, protocol design, perform-
ance analysis, and etc. 

 

1 Introduction 
As the wireless Internet grows in size and connection 

complexity, new applications and services requirements 
necessitate the development of suitable end-to-end tools 
that monitor and measure the properties of wireless paths 
well. In particular, effective evaluation and measurement 
of the capacities along wireless paths are of realistic in-
terest, especially to activities such as capacity planning, 
protocol design, performance analysis and system de-
ployment. 

Although the path capacity estimation problem has 
been extensively studied in the literature, most tools work 
in the scenarios of wired and/or last-hop wireless networks 
and measure the bottleneck link capacity, e.g. 
[1][5][8][10]. The complexity and convergence time re-
quired for these schemes are not well suited for multi-hop 
ad hoc wireless networks.  Moreover, the assumption of 
bidirectional setup of some of the above techniques has 
proved to yield detrimental results in ad hoc networks. 

In fact, end-to-end path capacity estimation in ad hoc 
wireless networks is much more challenging. Wireless 
capacity estimation depends not only on the rate of the 
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“narrow” link along the path (as in a wired network), but 
also on the topology, path layout, interference between 
nodes along the path and several other environmental 
parameters. Moreover, wireless capacity estimation must 
accommodate both fixed rate wireless networks, and auto 
rate wireless networks, where the transmission rate can be 
dynamically adjusted to the propagation characteristics 
and energy requirements. An accurate capacity estimation 
mechanism must understand how the capacity of a wireless 
path is impacted by these factors respectively.  

Previous technique proposed by Li et al in [12] ad-
dressed the adhoc end-to-end path capacity by sending a 
brute force UDP packet stream to measure the maximum 
achievable throughput. This scheme produces very realis-
tic results, but is not very practical since it heavily impacts 
existing traffic, and its result is affected by current 
on-going traffic conditions as well. A testbed measurement 
study of wireless available bandwidth was also investi-
gated in [11], which focused on the capacity of last hop 
wireless scenarios, different from the study of capacity in 
multihop wireless networks. 

AdHoc Probe, a recently proposed adhoc path capacity 
estimation tool by Chen et al [1], is a simple and effective 
technique that aimed to simplify the adhoc path capacity 
estimation process.  However, performance of AdHoc 
Probe was only studied through NS2 [20] simulations in 
[1]. Little understanding exists on the challenges in de-
ploying AdHoc Probe, as well as the effectiveness and 
behavior of AdHoc probe in real wireless environments. 
Therefore, it is the purpose of this study to reveal how 
AdHoc Probe would perform in real wireless environ-
ments.  

Motivated by the above goals, we implement AdHoc 
Probe in Linux and conduct in-depth evaluations in various 
controlled wireless testbed, to assess the efficacy of Ad-
Hoc Probe in a real network deployment. Important system 
issues commonly associated with such end-to-end meas-
urement tools, such as time synchronization and clock 
skew, are discussed with proposed solutions. We also 
evaluate the effect of auto rate wireless radios experi-
mentally by varying the distances between nodes as well as 
interfered settings/patterns that cannot be simulated via 
NS2. An important differentiation between auto rate radio 
and multi-hopping, in terms of the impact on wireless path 
capacities, is also among our goals. 

Our experiment results show that AdHoc Probe is able 
to accurately measure the wireless path capacity in all 



 

cases of fixed rate networks. Moreover, AdHoc Probe is 
able to track the dynamic rate adaptation of an auto rate 
wireless link in a timely and accurate manner. AdHoc 
Probe also works across the Internet and can measure the 
path capacity to a remote wireless network.   

The rest of the paper is organized as follows. In section 
2, we briefly describe the AdHoc Probe mechanism. An 
in-depth discussion of related system issues and their so-
lutions is presented in Section 3. In section 4, we present 
testbed experiment results to evaluate the efficacy of 
AdHoc Probe in both fixed and auto rate wireless net-
works. Finally, section 5 concludes the paper. 

2 AdHoc Probe Overview 
AdHoc Probe is an end-to-end tool that measures the 

capacity of a multi-hop wireless path in an ad hoc network. 
Inspired by CapProbe [8], AdHoc Probe relies on the 
packet-pair technique to provide capacity estimation in 
wireless networks. However, while CapProbe is designed 
to estimate the bottleneck link capacity in a round-trip 
fashion, AdHoc Probe intends to estimate the end-to-end 
path rate based on one-way measurements. The end-to-end 
path rate is the maximum achievable rate over the wireless 
path in the absence of any competing traffic.  Such metric 
can be used in end-to-end applications with QoS require-
ments, overlay design, network traffic management, etc. 
The maximum achievable rate (in the absence of com-
peting traffic) is typically lower than the nominal channel 
transmission rate due to a variety of reasons including 
multi-hopping, unique features of wireless networks (e.g. 
RTS/CTS mechanism), link rate adaptation techniques, 
etc. AdHoc Probe is able to accurately measure such 
achievable rate. 

The basic one-way AdHoc Probe algorithm is derived 
from the round-trip CapProbe mechanism. Probing packet 
pairs of fixed size are sent back-to-back from the sender to 
the receiver. The sending time is stamped on every packet 
by the sender, the one way delay (OWD) is calculated at 
the receiver, and the path capacity (i.e. rate) estimation is 
performed at the receiver and communicated to the sender.  

The receiver measures the OWD of each packet as the 
difference between the receiving time (clocked at the re-
ceiver) and the sending time (stamped by the sender in the 
packet header). The OWD sum is then computed. The 
“good” packet-pair samples (i.e. the packet pairs encoun-
tering no cross traffic) are those with minimum OWD sum 
(as shown in Figure 1), and the corresponding capacity is 
given by C=P/T, where P is the packet size and T is the 
dispersion of the packet pair. 

AdHoc Probe does not implement the “convergence 
test” as CapProbe does in order to make the algorithm 
simple, fast, and timely to the highly varying characteris-
tics of wireless networks. Instead, AdHoc Probe simply 
reports the capacity estimation after receiving a certain 
number of samples, say N. Similar to CapProbe, the ac-
curacy of capacity estimation increases as N grows. 
However, a large N value is not suitable for mobile wire-

less networks as it will lead to high latency in estimation 
and may not allow us to capture the dynamic properties of 
the wireless network. 

Apart from the number of samples, N, the latency of the 
estimate also depends on the probing packets sending rate 
(i.e. the probing rate). For simplicity, AdHoc Probe simply 
sends probing packets (with the packet size of P bytes) 
using a CBR rate (i.e. R packet-pair/second, or equiva-
lently 2*P*R bytes/second). As a result, the expected du-
ration for one estimate is approximately N/R seconds. 
Clearly, the larger R is, the less time a capacity estimation 
process takes. However, R should be upper-bounded since 
a large R may disturb the ongoing foreground traffic in the 
network or even congest the network. As a result, the ca-
pacity estimate may become inaccurate (hard to get one 
good sample) or extremely slow (packets are lost due to 
congestion). 

 

Figure 1: AdHoc Probe capacity estimate using the 
sample with minimum OWD sum. 

The probing parameters N and R need to be carefully 
tuned in accordance with the underlying network proper-
ties and by trading off precision for speed. This tradeoff 
clearly depends on the application. In this paper, we simply 
set N = 200, P= 1500, and R = 4 sample pairs/sec for the 
testbed experiments.  

3 System Issues 
In this section, we will discuss the seriousness of sys-

tem issues encountered and present solutions that mitigate 
those problems. In subsection 3.1, we will first discuss 
existing Auto Rate schemes in wireless radios, allowing us 
to properly investigate and distinguish how Auto Rate 
radios and wireless multi-hopping affects wireless capac-
ity, respectively. We will then discuss the clock screw 
problem in subsection 3.2. Finally, we describe the system 
time synchronization issue and report the implementation 
details of necessary “correction” in subsection 3.3. 

3.1 Wireless Auto Rate 
In our experiments, it is important to be aware of how 

existing Auto Rate schemes work, so we can properly 
investigate how Auto Rate radios influence wireless ca-
pacity.  

Auto Rate functionality is important for multi-rate 



 

wireless devices to maximize the utilization of network 
resources. For instance, by simply adjusting the transmis-
sion data rate, one can achieve higher data throughput with 
the higher data rate mode, or increase the transmission 
range and robustness against interference by using a lower 
data rate mode. Additionally, even within the same data 
rate mode, the overall data throughput can be improved by 
opportunistically taking advantage of the channel coher-
ence time (duration for which the wireless node has bet-
ter-than-average channel conditions). Finally, data rate can 
be changed to save energy [16].  

Several auto rate schemes have been proposed to ex-
ploit the multi-rate capability. They can be categorized into 
two types: Adaptive Rate schemes (e.g. ARF [7], RBAR 
[4], and AARF [9]) and Opportunistic Scheduling schemes 
(e.g. OAR [17] [19] and MAD [6]). 

Adaptive Rate schemes could be either sender based or 
receiver based. Auto Rate Fallback (ARF) [7] is the first 
published and implemented sender based rate adaptation 
algorithm. The basic idea of ARF is to start the transmis-
sion using highest rate and switch to lower rate when 1 or 2 
consecutive failures occur. ARF also starts a timer upon 
rate dropping. When either the timer expires or 10 suc-
cessfully received acknowledgements are counted, the 
transmission rate is upgraded to a higher rate and the timer 
is reset. The drawbacks of ARF are: (a) the heuristic based 
ARF cannot adapt effectively in a rapidly varying wireless 
channel, and (b) ARF data rate tends to suffer from high 
oscillation even when the wireless channel is not rapidly 
changing. In [9], Mathieu et al propose Adaptive ARF 
(AARF) to adapt the threshold settings of ARF in accor-
dance to the channel conditions. As a result, the frequent 
rate oscillations in ARF are mitigated. 

3.2 System Time Synchronization Issue 
The OWD measurement in AdHoc Probe is indeed 

problematic on a real testbed. Unlike the perfect time 
synchronization provided by the simulator, the system 
clocks of the two end hosts are usually not synchronized. 
As a result, the measured OWD will not be identical to the 
actual OWD. Though some software packages and service 
protocols (e.g. NTP [13]) have been proposed to enable 
time synchronization of network hosts, one can not guar-
antee the two end hosts are always synchronized before the 
estimation. Thus, a successful capacity estimation tech-
nique should not rely on any assumptions of a perfectly 
time-synchronized system. We now provide simple 
analysis on the AdHoc Probe algorithm and show that 
AdHoc Probe works well even when the system time is not 
perfectly synchronized. 

Suppose δ is the constant time offset between the 
AdHoc Probe sender and receiver. For the i-th packet pair 
sample, the sending time is stamped Tsend,i, and the re-
ceiving times (on the receiver) are Trecv1,i for the first packet 
and Trecv2,i for the second packet, respectively. Therefore, 
the measured OWD sum (S’) and the actual OWD sum (S) 
of the i-th packet pair sample are: 
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ples of non-minimum S’, it is easy to identify the “good 
sample” that has the minimum S’ and S, and the capacity 
estimation is computed by using the interval between this 
packet pair sample. Clearly, the interval is not affected by 
the time offset. Therefore, AdHoc Probe is able to absorb 
the constant time offset δ between the sender and the re-
ceiver and produce an accurate capacity estimate. 

3.3 Clock Screw Issue 
In additional to the time synchronization issue, the de-

ployment of one-way AdHoc Probe may also suffer from 
the clock skew problem, i.e. the clock “drift” is not iden-
tical on different machines. Figure 2 shows an example of 
actual OWD measurements, when we send UDP packets (4 
packets per second) from one laptop to the other using 
802.11b. The relative OWD (i.e. OWDi-OWD1 for the i-th 
measurement) can be skewed by 1 millisecond after only 
80 packets (i.e. 20 seconds)! This is a very big error rela-
tive to the typical delay sum, in the order of tens of ms (as 
seen in Figure 2). As a result, when the OWD measure-
ments are affected by an increasing (decreasing) skew, 
early (late) sample tend to get selected by AdHoc Probe as 
the “good” sample.  

 

Figure 2: Illustration of clock skew problem in OWD 
sum measurements 

More specifically, when the clock drift is skewed, the 
time offset of the two machines is not constant. We use ∆(t) 
to denote the time offset function, where t is the system 
time at the receiver. The actual OWD sum of the i-th 
packet pair sample is then revised as 
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guaranteed to be the “good sample”, which has the mini-
mum actual OWD sum. Therefore, in order to obtain the 
“good sample”, it is necessary to calibrate the measured 
OWD sum and remove the effect of ∆(t). 

The calibration problem has been first studied in [15], 
in which Paxson used forward and backward path delay 
measurements to deal with this problem. However, this 
approach requires some heuristic tuning, and it is not fea-
sible for pure one-way estimation. The linear regression 
algorithm is discussed in both [14] and [15]. However, it 
only works well if the network delays are normally dis-
tributed. [14] also formulates this problem as a linear 
program and solves it using standard algorithms in [3]. In 
this study, we employ a convex-hull based approach [18], 
which gives results similar to the linear programming 
approach, and in addition can handle clock resets and 
velocity adjustments as well. Moreover, the complexity of 
the convex-hull based approach is O(n), and is easily em-
bedded in AdHoc Probe. 

Here, we assume the time offset function ∆(t) is 
monotonic with either an increasing or a decreasing trend. 
The trend of ∆(t) can be determined by the alg_trend al-
gorithm, as shown in Figure 3 with a manual threshold 
setting K. The smaller K is, the more sensitively the algo-
rithm behaves. In this paper, we set K=N/3 for all experi-
ments.  

 
Algorithm alg_trend: 
trend = 0; 
For i = 2 to N 
  If S’i > S’i-1 then trend++; 
  If S’i < S’i-1 then trend--; 
End for 

If trend>K, ∆(t) is with increasing trend 
If trend<K, ∆(t) is with decreasing trend 

Figure 3: Algorithm for determining the trend of offset 
function, ∆(t). 

Once the trend of ∆(t) is found, the convex-hull cali-
bration algorithm is applied. As shown in Figure 4, the 
calibration algorithm [18] will find a lower bound of 
skewed measurements when the trend is increasing or an 
upper bound when the trend is decreasing. We assume ∆(t) 
is a piecewise linear function; therefore, it is sufficient, but 
not necessary, that all good samples lie on the lower/upper 
bound curve. 

 

Figure 4: Illustration of convex-hull based approach. 
(a) the increasing trend case; (b) the decreasing trend 
case. 

Suppose Ω1 denotes the set of data points lying on the 
bound curve of OWD measurements of the first packet in 
the probing samples, and ΩS’ denotes the set of data points 
lying on the bound curve of S’. Ideally (i.e. each data point 
in Ω1 is with the minimum OWD of the first packet, and 
each data point in ΩS’ is with the minimum OWD sum), ΩS’ 

⊆  Ω1. However, since Ω1 and ΩS’ may also contain samples 
that are “not good”, ΩS’ ⊆  Ω1 does not always hold. In 
order to improve the accuracy of AdHoc Probe estimation, 
we identify the good samples by taking the intersection of 
Ω1 and ΩS’, since a good sample must have both the 
minimum OWD of the first packet, and the minimum 
OWD sum. For each sample in the intersection set of Ω1 
and ΩS’, one capacity estimation is made accordingly. 
AdHoc Probe then reports its end-to-end path capacity 
estimation result by taking the average of those estimates. 

4 Testbed Experiments 
Here, we perform testbed experiments to measure path 

capacities of wireless ad hoc networks using AdHoc Probe.   
Implementation issues such as time synchronization and 
clock skew are addressed. We experiment with AdHoc 
Probe in both fixed rate and auto rate actual wireless con-
figurations in the lab. We induce auto rate adjustments by 
varying the physical distances between nodes and by sub-
jecting the 802.11b links to Bluetooth interference. The 
experiment results are presented below. 

4.1 Experimental results in fixed rate wireless net-
works 
The testbed was first set to validate the path capacity 

on multi-hop fixed rate wireless networks. We placed 
several 802.11b laptops about 70 ~ 80 meters apart in a 
chain topology. The wireless rate was fixed at 2Mbps. 20 
capacity estimates were collected for each path length (i.e. 
each number of hops). Each run included 200 packet pair 
samples, and 4 samples were injected every second. The 
experiment is conducted without cross traffic, and the 
average and standard deviation of the capacity estimates is 
presented below in Figure 5. 

 

Figure 5: Experiment results of AdHoc Probe on 
wireless multihop testbed (transmission rate is 2Mbps 
on each link) 



 

 From the results, it is obvious that the effective ca-
pacity of a chain topology decreases as the hop length 
increases, and the estimate remains constant after the 
number of hops becomes larger than 4.  

4.2 Experimental results of auto rate wireless net-
works triggered by displacements 

To experimentally validate the relationship between 
source-destination distance and path capacity, we meas-
ured the path capacity between auto rate capable nodes 
when the distance varies by 20 meter increments. The data 
transmission rate can adapt in the range {11Mbps, 
5.5Mbps, 2 Mbps, 1 Mbps}. Four AdHoc Probe samples 
were collected every second and each run consists of 200 
samples. The experiment was conducted without cross 
traffic.  20 capacity estimates were collected, and their 
average and standard deviation are presented below in 
Figure 6.  

 

Figure 6: Experiment results of 802.11b one hop con-
nection (auto rate) with different distance between two 
hosts 

From the results, the estimated capacity remains basi-
cally unchanged when the source-destination pair is within 
0-60 meters (the average effective one-way capacity is 
approximately 4.4Mbps, which corresponding to the 
11Mbps modem rate when the various O/H components 
are factored out). When the distance between the source 
and the destination node increases beyond 60 meters, we 
observed a decrease in the measured capacity. In particu-
larly, when the distance between the source-destination 
reaches 80 meters, AdHoc Probe measures an average 
effective capacity of ~3Mbps, corresponding to 5.5 Mbps 
modem rate. When the distance between 
source-destination reaches 100 meters, we measured an 
average effective capacity of ~1Mbps, which again, cor-
responds to 1Mbps modem rate1. The experimental results 
thus confirm the relationship between source-destination 
distance and path capacity. 
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4.3 Experiment results with Bluetooth interference  
 Rate adaptation can be triggered not only by a change 

in distance but also by wireless interference. In fact, in-
terference has the same effect as reducing the signal to 
noise ratio as distance does.  

To investigate the influence of wireless interference on 
effective capacity of a wireless link, we set up an experi-
ment with a single hop 802.11b path interfered by Blue-
tooth. Figure 7 illustrates the testbed configuration. Two 
802.11b laptops (i.e. AdHoc Probe sender and receiver) are 
placed 10 meters apart, and two Bluetooth laptops (the 
interference generators) communicate with each other 
creating interference to the 802.11 receiver. The Bluetooth 
pair is placed at a varying distance from the 802.11 re-
ceiver (from 0 to 9m). The Bluetooth source sends a CBR 
traffic to the Bluetooth receiver at 240kbps (1500 
bytes/packet; 20 packets/second). Since Bluetooth and 
802.11b use the same radio frequency band (i.e. 2.4GHz), 
they interfere with each other, and the link quality of the 
802.11b connection degrades. As a result, the 802.11b 
sender adjusts its rate using ARF in an attempt to adapt to 
the changing channel conditions. 

 

 

Figure 7: Auto Rate 802.11b Testbed with Bluetooth 
interference 

For each data point 20 AdHoc Probe tests were made, 
each test consisting of 200 packet pair samples. Probing 
rate is 5 packet-pairs per second. The average and standard 
deviation of the capacity estimates are presented below in 
Figure 8.  

 

Figure 8: Experiment results of 802.11b with auto rate 
and with Bluetooth interference from varying distance 

From the results, the average capacity estimate is con-
sistently in the 4Mbps range, which is what we expect for a 
single hop 11Mbps channel. The estimate is very sharp for 



 

Bluetooth beyond 3m. For zero distance, the estimate 
oscillates as the Auto Rate controller tries to keep up with 
the changes. It is remarkable that the average estimate at 
zero Bluetooth distance is quite close to the actual rate. 

4.4 Remote estimation of ad hoc network capacity 
from the wired Internet  

In the last experiment, we estimate the capacity of a 
path that starts from the wired Internet and terminates in 
the ad hoc network. This type of measurement is important 
in “opportunistic” ad hoc network applications where for 
example a server must deliver a multimedia file to a mobile 
user currently roaming in an ad hoc network connected to 
the Internet (e.g. an urban vehicular network).  The testbed 
configuration employed in this experiment is the same as 
in the fixed rate multihop experiment as shown in 7.1, 
except that here the probing packets are sent from the 
Internet host (i.e. on a wired path), to the access point 
(which is a laptop with both wired and wireless interfaces), 
and from the access point via the wireless multihop path to 
the destination. Note that the procedure is still end to end, 
the packet pair interval is measured by the destination and 
the path capacity estimate is returned to the Internet source.  
Figure 9 shows the experiment results. 

 

 Figure 9: Experiment results of estimating capacity 
from Internet to ad hoc networks 

From the results, AdHoc Probe measures 98Mbps ca-
pacity on the wired segment (i.e. when the end point is the 
access point), which is consistent with 100Mbps fast 
Ethernet bottleneck. When the end point is wireless, the 
bottleneck shifts to the ad hoc network, AdHoc Probe was 
effective in measuring the appropriate path capacity. This 
experiment demonstrates that AdHoc Probe functions well 
on both wired and wireless paths and combinations 
thereof. It is therefore capable for remote estimating path 
capacity of wireless ad hoc extensions of the Internet. 

5 Conclusions 
In this paper, we have implement and conduct an 

in-depth evaluation on the effectiveness of AdHoc Probe, a 
newly proposed end-to-end path capacity estimation tool 

designed for multi-hop ad hoc wireless networks. Impor-
tant system issues associated with the mechanism, such as 
time synchronization and clock skew, were discuss in 
detail, and solutions were presented. Effects of the auto 
rate wireless radio on wireless path capacity are also 
studied and evaluated experimentally by varying the dis-
tances between nodes as well as the interference patterns. 
We have also investigated the respective effects of auto 
rate radio and multi-hopping on wireless path capacities.  

Our experiment results have shown that AdHoc Probe 
is a useful and practical tool that can indeed be deployed in 
real wireless networks. It is able to accurately measure the 
wireless path capacity in all cases of fixed rate networks, 
and track the rate adaptation of an auto rate wireless link 
timely and correctly. 
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