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Abstract- The capacity of the communication network is a key metric for both network planning and 
management, and performance assessment of applications that take advantage of the network. Several 
tools for capacity measurement are present in literature, which provide satisfying results when used in 
wired networks. On the contrary, they provide inaccurate results on wireless networks. The paper 
presents a refined study of processing times at each protocol layer, which suggests that capacity 
estimates provided by the existing tools are affected by a systematic error. A suitable measurement 
methodology and a related testbed are proposed to experimentally validate the theoretical results. The 
experimental outcomes demonstrate the validity of the study, and permit to explain why existing tools 
are inaccurate on wireless links.  
 

I. Introduction 
 
In computer science, capacity of a link is defined as the maximum transmission rate of the link. With 
special regard to a path, constituted by subsequent links, its capacity is defined as the minimum link 
capacity in the path [1]. Capacity assessment is therefore of extreme importance for both network 
planning and management. Moreover, capacity significantly affects communication quality in terms of 
maximum achievable throughput and end-users’ satisfaction. To properly fix the performance that 
distributed and interactive applications can achieve in a wired and/or wireless network scenario, 
network capacity should be assessed accurately. 
Several tools, based on different techniques, are present in the literature for measuring physical 
capacity [2]-[4]. They were designed for use on wired networks, where they actually provide satisfying 
results [5]. On the contrary, their outcomes become unreliable on wireless links. This is the reason why 
new tools have specifically been developed for capacity measurement in wireless networks during last 
years [6]-[8]. However, their performance are still not satisfying, as proved by the authors in [9]. 
Experimental results reported in [9] have also shown that such limitations cannot be simply imputed to 
possible in-channel interference. 
The reasons for such an unexpected behaviour of both general purpose and wireless specific capacity 
measurement tools have not been thoroughly understood yet. Capacity measurements are basically 
achieved through one way delay (OWD), round trip time (RTT) and interarrival measurements, 
according to a specific model. It will be shown in this paper that this model neglects some time 
contributions during transmission and reception phases. Depending on the entity of the those time 
contributions, their neglect can be acceptable on wired links (i.e. it does not affect capacity 
measurement results significantly), but leads to erroneous results on wireless links. To overcome this 
limitation, a new model, based on a refined study of processing times at each protocol layer, is 
introduced in the paper, which is consistent with experimental outcomes that are commonly 
experienced on wireless networks [9]. Moreover, it specializes the concept of capacity for each layer of 
the protocol stack. A new testing methodology and an ad-hoc measurement testbed are also introduced 
to experimentally validate the results in both wired and wireless scenarios. 
 

II. Capacity measurement 
 
In literature there are three major techniques for capacity measurement: Variable Packet Size probing 
(VPS), Packet Pair (PP) and Packet Train (PT) [1].  
The VPS technique permits to estimate the capacity of each hop along a path. For each hop, several 
probing packets of the same size L are sent from the source host by properly setting the TTL field in 
the IP header. On the arrival at the destination hop, an ICMP message will be generated and sent back 



to the host, which will then measure the RTT. It is assumed that at least one of the probing packets, 
together with its ICMP message, do not experience any queuing delay; the related RTT is thus the 
minimum RTT for the given packet size. With reference to a single hop, the minimum RTT, namely 
RTT(L), is given by: 
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where C0 is the nominal capacity of the hop and α stands for the delay independent from the probing 
packet size L. The operations are repeated for different values of L. By estimating the slope of 
minimum RTT(L) curve, β, and taking its reciprocal, an estimate of C0 can be achieved. 
PP and PT techniques are utilized to measure capacity when UDP is adopted as transport protocol. In 
particular, PP technique sends a pair of packets of the same size, L, to the receiver. The receiver 
measures the dispersion Δ of the packet pair, that is the time interval between the reception of the last 
bit of the two packets. If a link of nominal capacity C0 connects the sending host to the receiver, Δ is 
equal to L/C0. In general, if Δin is the dispersion before the link of capacity C0, then the dispersion after 
the link will be Δin = max(Δin, L/C0), assuming that there is no other traffic (cross traffic), on that link. 
Cross traffic can increase or decrease the dispersion, causing underestimate or overestimate of the hop 
capacity.  
PT probing extends packet pair probing by using N back-to-back packets of size L and measuring the 
dispersion of a packet train as the time interval between the last bit of the first and last packets. The 
receiver measures the total dispersion ΔR(N) of the packet train and calculates a dispersion rate as 

 ( )
( )N

LND
RΔ
−

=
1  . (2) 

If there is no cross traffic along the path, the dispersion rate is equal to the path capacity.  
 

III. Proposed Model 
 

The performance of capacity measurement tools based on the techniques described in the previous 
section are not satisfying when applied to wireless links [9]. 
All the techniques obtain an estimate of the capacity by processing the results of time measurements 
according to a simple delay/capacity model. The question is whether this model is correct, i.e. 
representative enough. Since it works properly on wired links, the idea is to investigate whether it 
neglects some time contributions that are negligible for wired links, but not for wireless ones. To do 
that, a new capacity model is proposed. A comparison of the proposed model with those underlying 
VPS and PP techniques gives the reasons for the poor performance of existing tools on wireless links. 
Thanks to the correct and complete definition of all the temporal contributions that each layer adds 
when sending one packet from a source to a destination, the proposed model is suitable for capacity 
measurements on both wired and wireless links, as experimental results prove (see section IV).  
Moreover, the model allows extending the capacity concept to the each layer of the protocol stack, 
intended as the maximum quantity of information transferred at the layer. For example, the transport 
capacity is the maximum rate at which the application data (that is, the transport layer payload) can be 
transmitted to the receiver’s application layer. The knowledge of transport capacity is more useful than 
physical capacity, because the overheads introduced by each layer can reduce effective capacity 
significantly. Note that when there is no cross traffic over the communication channel, the transport 
capacity coincides with the application throughput.  
The idea of extending the capacity concept at different protocol layers is not totally new. For example, 
in [1] capacity is defined as the maximum available IP layer transfer rate, i.e. the capacity measured at 
the IP layer. Moreover, the work presented in [10] associates the capacity to the MAC (Medium Access 
Control) layer rate, i.e. the capacity measured at MAC layer. The model proposed in the following 
generalizes the capacity concept to each protocol layer and permits to understand why other models fail 
with regard to wireless links. 
The model is based on the notion of service of a layer. Each layer offers a service to the upper layer: it 
permits the upper layer to send information to its even-sided layer at receiver’s side. The service 
capacity of layer n is here defined as the maximum rate at which data can be transferred from layer n at 
sender’s side to layer n at receiver’s side: 
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where Ln+1 is the size of the (n+1)-packet, (i.e. the size of the packet at layer n+1, which represents the 
payload size at layer n), and ( )1ns nt L +

 is the service time needed to transfer the (n+1)-packet to the 
even-sided layer at receiver’s side. 
To measure capacity, it is necessary to enlist the temporal contributions that compose ( )1ns nt L +

. 
Assume for simplicity that the (n+1)-packet is smaller or equal to the maximum transfer unit at layer n. 
in such case, ( )1ns nt L +

 can be recursively expressed as: 
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The term tet n(Ln) represents the transmission processing time introduced by layer n. It can be evaluated 
as the sum of three addends:  
1. the time Telab(Ln) required to compute all the fields of the layer n header and add it to the (n+1)-

packet. This time can be assumed to be a linear function of Ln if the checksum is calculated;  
2. the time Tqueue spent by packet at layer n in the queue before scheduling operation; 
3.  the time Tpro, which includes different operations carried out by the protocol. Such operations vary 

from a layer to another. Relevant examples are the time needed for routing, or the time needed to 
access the physical medium. 

The homologue of ( )1+net Lt
n

 at receiver’s side is ( )1+ner Lt
n

. Finally, the term tsn-1(Ln) is layer n-1 
service time. 
Let us particularize the proposed model to an IEEE 802.11b protocol stack. In this example, UDP is 
considered as the transport protocol and fragmentation is supposed to be absent. It can be shown that 
expression (4), specified for transport layer (i.e. n=4), can be rewritten as 
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where ( )514 Lts >−  includes transmission processing times from transport to physical layer, and is 
constituted of two terms. The first term, αt L5, includes all the processing times that are linearly 
dependent from packet size. The second one, φt, is the sum of all the processing times that are constant 
with packet size. The homologue of ( )514 Lts >−  at receiver’s side is ( )541 Lts >− , which includes 
reception processing times from physical to transport layer. It is composed from two contributes, αr L5 
and φr.  
The relation (6) thus becomes 
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The proposed model takes into account come time contributions that are neglected by VPS and PP 
techniques. Please note that the RTT in (1) is equal to transport layer service time in (6) plus the time 
needed to transmit an ICMP message back to the sender, which is independent from packet size. 
Therefore, when VPS techniques estimate the slope of the “RTT versus L” curve they actually estimate 
coefficient ρ in (7), which is different from coefficient β in (1). The latter relation could look like to the 
relation (1), but it is different because: 
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Hence, by taking time measurements at transport layer, VPS techniques always underestimate physical 
layer capacity C0. Experiments described in next section will quantify such underestimation for both 
wired and wireless links.  
Let us now consider the functioning of PP and PT techniques. On wired links like Ethernet, assuming 
no cross traffic is present, the second packet in the pair waits in the queue at physical layer until the 
first packet is serialized. The dispersion time at the receiver is thus 
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On 802.11b wireless links, assuming no cross traffic is present and if the RTS/CTS procedure is not 
activated, the second packet in the pair waits in the queue at physical layer until the first packet is 
serialized, then it waits a SIFS time (Short Inter Frame Spacing) and the time needed for the 
transmission of the MAC-layer acknowledgment (ACKMAC), and finally it waits a DIFS (Distributed 
Inter Frame Spacing) time to occupy the channel. The dispersion time measured at the receiver’s side is 
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where respectively L2 and L5 are MAC-packet and application-packet size, H1 the physical-overhead 
size, and HC  the transmission rate of the header (which in the 802.11b standard is different from the 
data transmission rate, and can be equal to either 1Mbps for a long preamble, or 2 Mbps for a short 
preamble). Note that the time needed for the propagation of the physical medium is negligible. 
If ( )5pro MAC r rT SIFS ACK DIFS Lα φ= + + > + , then the dispersion time reduces itself to 
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Packet dispersion on wireless links presents two additional contributions with respect to wired links. 
This can lead to an underestimate of capacity C0, as it will be shown in next section. 
 

IV. Experimental validation 
 

The proposed capacity model has been experimentally validated on both wired and wireless links. To 
this end, a proper measurement methodology has been designed, and a measurement testbed has been 
set up (Fig. 1). The purpose is to measure physical and transport layer capacity by measuring each of 
the three addends in (4). The measurement testbed has consequently been equipped with software and 
hardware probes, which permit to capture the time instants when the transmitted packet passes through 
transport and physical layers, at both sender’s and receiver’s sides. The measurement methodology is 
the same for both wired and wireless link, whereas the testbeds are slightly different.  
Both testbeds include two laptops: the sender, SA, the receiver, SB, and a processing and control 
workstation, RC. The laptops SA and SB can be connected either through a 10 Mbps wired link, or 
through an IEEE 802.11b wireless link; they are, in fact, equipped with both Ethernet port and 
PCMCIA wireless LAN card.  
Moreover, the testbeds consist of a Digital Storage Oscilloscope (DSO) Agilent TechnologiesTM 
Infiniium 81004A (10 GHz bandwidth, 40 GSample/s maximum sample rate, 32 MSample memory 
depth), a pair of probes that connect the parallel ports of the two workstations to the DSO, and a third 
probe that picks the signal on the physical channel. The latter is either a typical DSO probe for a wired 
link, or an omnidirectional antenna EM6865TM (frequency range 2 GHz-18 GHz) for a wireless link. 
The workstation RC and the DSO are connected through an IEEE-488 standard interface bus. The 
software Distributed Internet Generator (D-ITG) has been utilized to generate probing packets [11].  
Software probes have been specifically inserted in the source code of D-ITG, in order to activate and 
deactivate a specific pin of the parallel port each time a packet is sent or received at transport layer. 
Two probes pick the signals carried by the pin of the parallel ports at sender’s and receiver’s side and 
take them to a channel of the DSO. A third probe picks the signal on the communication channel and 
takes it to another channel of the DSO. The signal picked from the parallel port is exploited as the 
trigger source for the DSO, which starts the capture in correspondence of the voltage edge (that is, 
when a packet is sent at transport layer and the pin at sender’s side consequently commutes).  
The DSO is configured in single acquisition mode. This way, four significant time instants can be 
singled out: 
 Ts, when the data packet leaves the transport layer at sender’s side; 
 Tr, when the data packet reaches the transport layer at receiver’s side; 
 Tpf, when the first bit of the data packet is sensed by the probe on the physical channel; 
 Tpl, when the last bit of the data 

packet is sensed\ by the probe on 
the physical channel. 

Fig. 2 shows the DSO display after a 
single acquisition in wireless case. 
The four relevant time instants are 
indicated in the figure. Considering 
that propagation time on the channel 
can be neglected, the three addends 
at the right side of equation (6) can 
thus be calculated as 
  

 Fig. 1. Wired testbed. 
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Measurements are performed for 
different packet sizes from 50 
up to 1450 byte, with a step of 
100 byte. A LabViewTM Virtual 
Instruments (VI) is utilized to 
automate the measurements. The 
VI downloads the three 
waveforms from the DSO and 
measures the quantities of 
interest (12)-(14). For each 
packet size, measurements are 
repeated one hundred times. 
Then, the VI calculates the 
average value of the quantities 
of interest (12)-(14) over one 
hundred acquisitions.  
The same measurements are 
carried out for both TCP and 
UDP. The coefficients αt and φt 
in relation (7) are then 
calculated through a linear 

regression on the pairs {L; ts4->1}. The same is done for coefficients αr and φr using pairs {L; ts1->4}. 
Measurement  results are enlisted in Table 1.  
A. Wired case 
The values of αt +αr is much smaller than 1/C0, which means that  
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This explains why VPS techniques, which actually underestimate physical capacity C0 as 1/ρ, give 
quite good results on 10 Mbps wired links. In general, the systematic error εs experienced when 
physical capacity C0 is estimated as 1/ρ is equal to  
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where k = (αt+αr)C0.  
Hence, εs is equal to less than 0.3% C0 in the 10 Mbps link under test, and the contributions of αr and 
αt do not influence the estimate of nominal physical capacity significantly. It is worth noting that if the 
same workstations are connected through a faster (e.g. 100 Mbps) wired link, εs affecting capacity 
measurement results provided by VPS-based tools is expected to increase quasi-proportionally with the 
nominal capacity of the link. This means that if the systematic error affecting VPS techniques can be 
ignored on 10 Mbps links, it can become too high not to be corrected on 100 Mbps and 1 Gbps links.  
Correlation coefficients related to the wired link are all not smaller than 0.90. This means that the 

 
Fig. 2. The physical signal through DSO 

Table 1. Measurement results. 

Wired link Wireless link  UDP TCP UDP TCP 

Transport time 
]/[10*45.2 10 bitst

−=α
st μφ 00,22=  

]/[10*71.2 10 bitsr
−=α

sr μφ 51,22=  
]/[10*08.2 8 bitst

−=α
st μφ 02,60=  

]/[10*12.2 8 bitsr
−=α

sr μφ 84,90=  

Reception time 
]/[10*87.4 10 bitst

−=α
st μφ 09,23=  

]/[10*87.5 10 bitsr
−=α

sr μφ 75,23=  
]/[10*21.2 8 bitst

−=α

st μφ 65,61=  

]/[10*32.2 8 bitsr
−=α

sr μφ 36,90=  
Transmission Correlation

Coefficient 0.90 0.92 0.94 0.97 

Reception Correlation 
Coefficient 0.91 0.95 0.96 0.99 



hypothesis of a linear dependence of 14 >−ts  and 41 >−ts  from packet size, which was made in section III, 
can be accepted.  
According to the proposed model, transport layer capacity, C4(L5), is also estimated for both protocols. 
The evolutions of C4 versus packets size shows an increasing trend, and reaches about 9 Mbps for UDP 
and 8 Mbps for TCP. As expected, UDP transport capacity is always greater than TCP transport 
capacity. This is a consequence of the overhead introduced by TCP protocol, which is heavier than 
UDP overhead.  
When capacity is measured through dispersion Δ, no significant underestimation is experienced. 
B.  Wireless case 
When measurements are performed on the wireless link, the testbed is set up in a semi-anechoic 
chamber that prevents from in-channel interference, in order to guarantee the same operating 
conditions over successive measurements.  
Also in the wireless case, the hypothesis of a linear dependence of 14 >−ts  and 41 >−ts  from packet size 
holds. It is noticeable that the values of αr and αt are much higher than in the 10 Mbps wired link. In 
particular, the systematic error is higher than 10% C0, since k > 0.1. The proposed model thus explains 
why the accuracy of capacity measurements carried out by VPS-based tools on wireless links is 
seriously compromised [2].  
As observed in the wired case, the underestimation grows up as nominal physical layer capacity 
increases. In fact, if C0 is 11 Mbps the capacity estimated through VPS techniques is about 6 Mbps, 
while in the case of 802.11g, whose nominal capacity equal to 54 Mbps, the estimated capacity would 
be about 16 Mbps. 
PP and PT techniques measure capacity by evaluating the dispersion time expressed by relation (11). 
The values of H1, CH and Tpro in (11) can be looked up in the standard [12], whereas L2/C0+H1/CH is 
measured through the DSO. Thus, Δ comes out to be about 7.8 Mbps, which implies an 
underestimation of physical capacity C0 of about 3.2 Mbps.  
According to the aforementioned model, the transport capacity is evaluated for both transport protocol. 
Also in this case, the UDP transport capacity is always greater then the TCP transport capacity. 
Moreover, the smallest transport layer capacities are obtained in the wired case for both TCP and UDP. 
This is a consequence of the heavier overhead introduced by CSMA/CA protocol. 

V. Conclusion 
A new model for the capacity of a communication network, which extends the concept to all the layers 
of the protocol stack, has been presented. Thanks to a refined study of the dependence of transmission 
delays from processing times at different protocol layers, the systematic capacity underestimation 
provided by existing techniques has been theoretically explained, and experimentally validated. The 
proposed validation methodology can be also used to carry out accurate capacity measurements on 
both wired and wireless links. Further details on the model and experiment results will be given in the 
full paper. 
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