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ABSTRACT 
Our project involves replicating the experiment 
performed by Dongin Son, Bhaskar Krishnamachari 
and John Heidemann in Experimental Analysis of 
Concurrent Packet Transmission in Wireless 
Networks. This experiment was performed on Mica2 
motes equipped with CC1000 radio in TinyOS 1.x. 
Our experiment, however, is performed on Tmote 
Sky devices equipped with CC2420 radio in TinyOS 
2.x. We aim to study the signal-to-interference-plus-
noise-ratio (SINR) characteristics in presence of 
multiple interferences and come up with a SINR 
threshold which will ensure the successful delivery of 
the strongest packet under concurrent packet 
transmission. Our study shows that, wide range of 
transmission power levels are present for which 
capture effect is observed and strongest packet is 
received under concurrent transmission. In this study, 
we restrict ourselves to just one interferer and one 
transmitter, but the same can be extended to many 
interferers and can be shown that the measured SINR 
threshold generally increases with the number of 
interferers.  
 
1. INTRODUCTION 
Wireless communication in sensor networks is the 
key to flexibility and low cost deployment. But at 
same time it imposes considerable challenges 
because wireless communications are expensive and 
wireless links have non-ideal characteristics and vary 
considerably in both space and time due to multi-path 
propagation effect. A number of empirical studies 
have shown that designing and analyzing multi-hop 
wireless networks using high-level zero–one 
abstractions for links can be quite misleading [9,10]. 
For this reason realistic models of wireless links are 
essential for developing efficient protocols for 
wireless networks.  
 
Several researches have been undertaken to study the 
link quality in wireless sensor networks [3, 5, 6]. But 
most of these researches have only focused on single 
links and failed so consider the effect in presence of 
concurrent transmission from interfering nodes. This 
was until paper [1], which studied the wireless link 
quality in presence of concurrent transmission from 
interfering nodes. The paper proposed a method in 

which strongest packet is received successfully in 
presence of concurrent transmission from interfering 
nodes, if the SINR value is above certain SINR 
threshold. The paper also showed that SINR 
threshold values increases as the number of 
interference increases. This study was performed on 
Mica2 mote which was equipped with CC1000 radio, 
and whole experiment was done in TinyOS 1.x. 
 
It is studied in [9], that interference caused by a 
node’s transmissions is modeled to be the same as its 
ideal circular communication range (see Figure 1a). 
No other node within this range may receive a packet 
successfully due to collisions, while this node is 
transmitting. A variant of this model is one in which 
the disc of interference has a radius that is larger than 
for the disc of communication. These models offer 
very simple abstractions that are useful for design 
and analysis; they can also be potentially highly 
misleading. But in practice, radios are capable of 
receiving an error free packet, even when another 
packet is being transmitted by a neighbor (see Figure 
1b). This is known as the capture effect [2]. Paper [1] 
complemented this work and observed SINR 
characteristics in presence of concurrent packet 
transmission and came up with a SINR threshold 
under which capture effect can be observed.  

 
 

Figure 1. Interference in wireless medium: (a) an 
idealized model, (b) the capture effect model. In 
the capture effect model simultaneous successful 
receptions are possible so long as SINR is 
sufficiently high at each receiver 
 
In this paper, we replicate the experiment performed 
in paper [1], changing the experimental setup by 
performing the experiment on the Telosb Platform 
with the hardware being the Tmote Sky devices 
having the CC2420 radio on board, and software 
platform consisting of TinyOS 2.x. Our experiments 
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involve the measurement of received signal and 
interference strengths as well as packet reception 
rates under carefully designed single-interferer.  Our 
experiments ensure that if the SINR value is above 
SINR threshold value, which we have come up with 
experimentally; there is a successful delivery of 
strongest packet in presence of concurrent 
transmission from interfering nodes. Due to time 
constrains, in this paper we limit ourselves to only 
one interferer and one transmitter. But same can be 
extended fro multiple interferers and can be shown 
that measured SINR threshold value increases as the 
number of interferers increase. 
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Table 1. Key finding in the paper  
 
2. RELATED WORK 
Several empirical studies have been performed to 
understand the complex and non-ideal characteristics 
of wireless links in wireless sensor networks [3, 5, 6]. 
But majority of these studies had failed to consider 
the effect in presence of concurrent packet 
transmission.  
 
Paper [2], did consider the effect of concurrent packet 
transmission on wireless link quality. They proposed 
a technique to detect and recover messages from 
packet collisions by exploiting the capture effect. 
Their experiment was able to differentiate between 
collisions and packet loss and identify the nodes 
involved in the collisions. Also collision detection in 
their experiment was performed at receiver. It 
showed that collision detection and avoidance using 
capture was able to achieve significant improvements, 
rather then collision avoidance scheme using 
RTS/CTS which failed to perform in asymmetric 
links and broadcast based communication. Paper [1] 
complemented this work by observing SINR 

characteristics in presence of concurrent packet 
transmission and coming up with a SINR threshold 
under which capture effect can be observed.  
 
Paper [1] showed that SINR threshold is not a 
constant value, but that it depends on the transmitter 
hardware and the signal strength level.  It showed 
that if Upper layer protocols assume a constant SINR 
threshold, it can fail or be inefficient due to the 
significant variation in SINR threshold. It proved that 
protocols designed considering capture effects and 
variability in SINR threshold are more dependable 
and efficient. It also showed that SINR threshold 
generally increases with the number of interferers. 
 
Our study confirms that under concurrent packet 
transmission, the strongest packet is delivered 
successfully if the SINR value is above certain SINR 
threshold. However, the results are a bit different as 
we find out that the SINR threshold value is found to 
be larger for the CC2420 radio as compared to the 
CC1000 radio. This concludes that, if and when an 
interference-aware protocol is designed for low-
power wireless networks, the CC2420 radio would 
not perform as well as the CC1000 radio. Our 
conclusion though, is solely based on the readings we 
obtained and may not reflect the ideal response 
expected from the radio.  
 
3. EXPERIMENTAL METHODOLOGY 
In this section, we discuss our hardware and software 
used (section 3.1) along with our experimental setup 
(section 3.2). We conclude this section by explaining 
the working of our experiment (section 3.3).  
 
3.1 Hardware and Software 
We performed the experiment on Tmote Sky devices 
(see Figure 2), which has an embedded Chipcon 2420 
radio operating at 2.4GHz, as RF transceiver. 
CC2420 radio provides data rate of 250Kbps and also 
includes a digital direct sequence spread spectrum 
baseband modem providing a spreading gain of 9 dB 
[8]. We used TinyOS 2.x as our operating system and 
the programming was done in NesC language. 
 

 
 

Figure 2. Tmote Sky Device 

 2



To study the effect of concurrent transmission on 
wireless link quality, we disable CSMA-CA in 
CC2420 radio. For disabling of CSMA-CA, we 
disable the Clear Channel Assessment (CCA) [7]. We 
omit MAC level RTS/CTS/DATA/ACK sequence by 
sending packets as broadcast, avoiding complications 
of ARQ. Thus we disable majority MAC 
functionality in order to focus on fundamental 
behavior of wireless link quality in the presence of 
concurrent transmission.  
 
3.2 Experimental Setup 
Our experiment consists of four types of nodes viz. 
synchronizer, transmitter, receiver and the interferer 
(see Figure 3). The synchronizer is used to broadcast 
a sync packet to the transmitter and the interferer 
before each transmission, thereby indicating single or 
concurrent transmissions. The sync node serves the 
purpose of synchronizing the clock of every node in 
the experiment. 
 
The sync packet acts as Reference-Broadcast 
synchronizer [4]. This is a scheme in which the sync 
node sends reference beacons to its neighbors using 
physical-layer broadcasts. This scheme does not 
contain an explicit timestamp; instead, receiver uses 
its arrival time as a point of reference for comparing 
their clocks. Each transmitting node (sender or 
interferer) sets its packet transmission time and the 
receiver sets the received signal strength 
measurement time based on this reference time. 
 

 
 
Figure 3. The experimental setup for one 
interferer. The same setup can be extended for 
more than one interferers. 
 
The sync packet acts as Reference-Broadcast 
synchronizer [4]. This is a scheme in which the sync 
node sends reference beacons to its neighbors using 
physical-layer broadcasts. This scheme does not 
contain an explicit timestamp; instead, receiver uses 
its arrival time as a point of reference for comparing 
their clocks. Each transmitting node (sender or 
interferer) sets its packet transmission time and the 

receiver sets the received signal strength 
measurement time based on this reference time. 
 
The experiment was carried out in an indoor 
environment. The sync node was kept at a distance of 
5 meters from the sender and the interferer nodes. We 
transmitted 125 epochs with one epoch consisting of 
7 packets as shown in figure 3. During each epoch, 
there were three Sync packets and one packet each 
individually from Sender and Interferer and one 
packet simultaneously transmitted to the Receiver. 
The experiment was repeated over a set of 8 different 
power levels for a total of 1000 epochs. 
 
3.3 Experimental Working 
The working of our entire experiment is explained as 
follows - 
1. Experiment involves 4 types of nodes – a sender, 

a receiver, an interferer and a synchronizer node. 
2. Disabling CSMA in medium access control 

(MAC) to exploit concurrent packet 
transmissions. 

3.    Synchronizer node used to synchronize the clock 
of every node by broadcast of sync packet just 
before each single or concurrent packet 
transmission. 

4.  Series of packet transmission epochs with each 
epoch containing the following sequence of 
transmissions, each interleaved with a sync 
packet 

a. A sender transmits alone. 
b. An interferer transmits alone. 
c. A sender and an interferer transmit 

simultaneously. Sender 
5.  Repeat this series of packet transmission over 

hundred epochs. 
6.    Receiver calculates  

a. Received Signal Strength Indicator    
(RSSI) for sender frame (SF), interferer 
frame (IF). 

b.   Noise level after reception of each frame 
(SF, IF, SIF). 

c.    Find SINR.  
 
We transmit hundred and twenty five epochs for 
particular transmission power combination, to 
estimate accurate packet reception rate (PRR). PRR 
is calculated as total number of packets received 
successfully divided by total number of packets 
transmitted. 
 
In our experiment, the receiver measures the signal 
strength in the middle of each single or concurrent 
transmission except the final one, which is used to 
record whether the packet was received successfully 
or not. We also measure signal strength right after 

Synchronizer 

Interferer 

Receiver

Sync S Sync I Sync SI
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each individual packet reception when there is no 
signal on the channel. This approach measures 
ambient noise levels during experiments.  
 
Thus knowing received signal strength (RSS) and 
received interference strength (RIS) for concurrent 
transmission at the end of epoch, and the ambient 
noise level N measured at the receiver, we calculate 
signal-to-interference-plus-noise-ratio (SINR) as: 
 

 
 
We calculate our SINR value based on measurements 
taken directly at the receiver in all our experiments.  
 
4. EXPERIMENTAL STUDY WITH SINGLE 
INTERFERENCE 
In this section, we describe how packet reception is 
affected in presence of concurrent transmission when 
there is single sender and single interferer. We begin 
by studying disabling of CSMA-CA MAC protocol 
to enable concurrent transmissions (section 4.1). We 
then study how different transmit powers cause 
different regions of reception, from good (white) to 
noisy (grey) to bad (black) (section 4.2). We 
conclude this section by coming up with a signal-to-
interference-plus-noise-ratio (SINR) threshold value 
that ensures successful delivery of stronger packet in 
presence of concurrent transmission (section 4.3).  
 
4.1 Disabling the CSMA-CA for Concurrent 
Transmission 
It is well known that, by default CC2420 radio stack 
performs a clear channel assessment (CCA) before 
transmitting [7]. If the channel is not clear, the radio 
backs off for some short, random period of time 
before attempting to transmit again. The CC2420 
chip itself provides a strobe command to transmit the 
packet if the channel is currently clear. Thus to 
ensure concurrent transmission from the senders and 
the interferers, it is necessary to disable the CSMA 
CA at the link layer as CSMA CA mechanism 
prohibits two motes to transmit simultaneously on the 
same channel. Thus CSMA CA is disabled in 
CC2420 radio by disabling CCA  
 
Disabling of CSMA-CA was confirmed by studying 
the RSSI values measured at the receiver. For this 
measurement, three motes were kept within the 
vicinity of each other to ensure 100% packet 
reception. Initially packets were sent individually 
from the motes to the receiver at varying power 
levels and the RSSI values as observed to be in the 
range of -72dBm.  

  
Figure 4. Disabling of CSMA-CA. Under 
concurrent transmission, RSSI value at receiver 
increases significantly as compared to individual 
transmissions. 
 
However, when the two motes are transmitting 
simultaneously there is a significant increase in the 
received RSSI value to about -68dBm thereby 
indicating the presence of interference due to 
multiple senders at the receiver (see Figure 4). This 
concluded that the CSMA-CA has been successfully 
disabled and two packets are being transmitted 
simultaneously. 
 
4.2 Interference and Good-Noisy-Bad Regions 
It has already been studied in papers [1, 2] that the 
strongest packet is received successfully at the 
receiver when interference is observed from 
interfering nodes. The ability of the receiver to 
successfully receive packets in the presence of 
multiple transmissions is called capture effect. In this 
section we study capture effect as a function of signal 
strength under concurrent transmission over a wide 
range of transmission power. 
 
Over here we consider two transmitting nodes, SRC1 
and SRC2. We call the stronger signal source the 
sender and the weaker signal source the interferer. 
From this definition these roles change with the 
varying transmission powers. To study how these 
roles change, we vary transmission powers as both 
sources send 230-byte packets and calculate packet 
reception rate (PRR), here over 125 epochs. 
 
Figure 5(a) represents the packet reception rate 
(PRR) of SRC1 and SRC2 as transmit power of 
SRC1 varies. Here we keep transmit power of SRC2 
fix to -8dBm, and vary transmit power of SRC1 from 
-24dBm to 0dBm. When there is no interference i.e. 
when only single sender is sending, either source can 
communicate efficiently with the receiver. 
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(a) Transmission power level to PRR 

 

 
(b) Transmission power level to RSSI 

 
Figure 5. Effect of varying SRC1’s transmission 
power level on the PRR (a) and RSSI (b). Ambient 
noise level (NOI) at the receiver is shown together. 
Error bars show 90% confidence intervals 
 
But the graph shows three regions as the transmit 
power of SRC1 changes. From the graph it is 
observed that, when the transmit power of SRC1 is 
between -24dBm and -19dBm, SRC2 is received 
successfully. When the transmit power of SRC1 is 
between -3dBm and 2dBm, SRC1 is received 
successfully. In the middle region of the graph when 
transmit power of SRC1 is between -13dBm and        
-7dBm, neither of SRC1 or SRC2 is received. When 
the SRC1 transmit power is in the range of -19dBm 
to -13dBm and -6dBm to -3dBm, packet reception is 
intermediate. Here, we set successful packet 
reception rate above 90% and total failure rate below 
10%. Thus we get three distinct regions in the graph 
– good, noisy and bad. Good region (or white region) 
is one in which all packets are received successfully 
i.e. PRR is almost 1, Bad region (or black region) is 
one in which all the packets are lost completely and 

hence the PRR is close to 0 whereas the region where 
there is intermediate packet reception is termed as the 
noisy region having PRR between 0.1 to 0.9.  
 
Figure 5(b) represents the received signal strength 

Tx 
Pwr of 

RSS of SINR PRR Region 

(RSS) of SRC1 and SRC2 as transmit power of SRC1 
varies. We measure RSS values at the receiver, first 
individually when as each transmitter and than during 
concurrent transmission. The ambient noise that we 
measured at the receiver, by calculating RSS when no 
packet is received, was observed constant throughout 
the experiment to a value about -90dBm. Thus RSSI 
value of ambient noise was well below our 
interference level. We observe that when the RSSI 
value of both SRC1 and SRC2 come close to each 
other (within 3dBm, when SRC1 is around -10dBm), 
no transmitter is received successfully. Further from 
this point we observe more packets are received as 
the received signal strength between two transmitters 
increases. 
 

SRC1 
SRC1 
(dBm) (dB) 

-24 
-22 
-20 
-19 
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-76.01 
-75.21 
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0 
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0.05 

0 
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-4 
-3 

-67.76 
-67.03 
-66.98 

2.2 
2.9 
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0.3 
0.5 

0.85 

Gray 
(SRC2) 

-2 
0 

-65.67 
-64.35 

4.3 
5.6 

1 
1 White 

 
able 2: Table showing SINR values for different 

able 2 reproduces the PRR, RSSI, and transmit 

ow in Figure 5, we varied only one sources 

varied. Here we observe three distinct regions.  

T
levels of Tx power based on Figure 5  
 
T
power from Figure 5 and calculated SINR values. We 
categorize SINR values into three distinct regions as 
being in a black, white or gray region depending on 
the corresponding PRR observed. 
 
N
transmission power level and fixed other sources 
transmission power level. Figure 6 shows results 
when both sources transmission power levels were 
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Figure 6. Packer reception rates at different RSS 
combinations for SRC1 and SRC2.  
 
White region is observed for SRC1 or SRC2 if we 

ice the figure horizontally or vertically, black 

ts have 
quivalent strength at the receiver, the packets are 

hold 
esults from Figure 5 and Figure 6 show that, still 

ssion power levels are present 

sl
region is observed at the center of the graph and gray 
region is observed at the border of the graph.  
 
Thus we see that, when the concurrent packe
e
completely corrupted. But we also observe that there 
is wide range of transmission power levels in which 
capture effect occurs and strongest packet is received 
at the receiver.  
 
4.3 SINR Thres
R
wide range of transmi
for which capture effect occurs. So in this section 
study the relationship between SINR and PRR and 
come up with SINR threshold for each source which 
guarantees reliable packet communication with PRR 
greater then or equal to 0.9. 
 

 
Figure 7. SINR-to-PRR relationship 

 
The SINR threshold is the difference in the levels of 
the sender and the interferer. It indicates the level at 
which the PRR is above 0.9 for a sender i.e. the white 
region for complete capture of the packet. The idea of 
SINR threshold is indicated in [1] and states that 
complete capture can be obtained as long as the SINR 
value exceeds a critical threshold.  
 
Figure 7 represents the SINR-to-PRR relationship for 
SRC1 and SRC2. On the left side of graph, we 
observe SRC2 is the sender and on the right side of 
the graph we observe SRC1 is the sender. We 
observe SRC1 has SINR threshold of 3dB and SRC2 
has SINR threshold of 5.8dB. Thus SINR threshold

t and thus we 
.  

he receiver 
as -90dBm which was below the interference level. 

e information captured in the Figure 

the sender and the interferer are varied 
om -24dBm to 0dBm. This confirms that the gray 

 
values for both transmitters are differen

bserve total gray region of about 8.8dBo
 
5. RESULTS  
In this section we summarize the results based on the 
experiments that were carried out to obtain Figures 5, 
6 and 7. We compare our results with the results that 
were obtained in the original paper and summarize 
our findings.  
 
Figure 5a shows the white, black and gray regions 
when one source is kept at a constant power level and 
the other source is varied. This shows a combined 
gray region of 8.8dB which is larger as compared to 
the 6dB obtained by the authors in [1]. Figure 5b 
shows the variation of RSSI with respect to the 
transmit power level under the same conditions as 5a. 
It showed that ambient noise observed at t
w
Table 2 show th
5 in tabular form. This gives a clear idea of the three 
regions present at different power levels of source 1.  
 
Figure 6 shows the graph obtained when the power 
levels of both 
fr
region and SINR threshold holds true when more 
than one sender varies its transmitting power. A 
horizontal or vertical slice through this figure would 
show white regions for either SRC1 or SRC2, a black 
region in the middle, and gray regions on the border. 
We also observe that the edge of the gray region is 
not strictly linear as power varies. This result 
obtained shows a wider gray region and black region 
over which intermittent or no capture occurs as 
compared to the one obtained in [1] with the CC1000 
radio.   
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Figure 8. Packer reception rates at different RSS 
combinations for SRC1 and SRC2. (As obtained 
by experiment carried in paper [1]) 
 

 
Figure 9: SINR to PRR relationship (As obtained 
by the experiment carried in paper [1]) 
 
Figure 7 and Figure 9 shows the comparison of SINR 
threshold and gray region that was observed in out 
experiment as compared to observed in original 
experiment [1]. We observed SINR threshold for 
SRC1 of 3dB and for SRC2 of 5.8dB. Where as, 
original paper observed SINR threshold for SRC1 of 
2.69dB and for SRC2 of 3.87dB, which was 
performed for CC2420 radio on mica2 platform. Also 
the gray region observed in paper [1] for CC2420 on

20 radio.  

networks and capture effect is observed. We come up 

pport power control and channel capture. They just 
throughput in a multi-hop 

 obtained as long as the SINR value 
xceeds a critical threshold. We observed SINR 

t had considered. If any concurrent 
ansmission is received beyond 8ms at the receiver, 

 is designed for low-power wireless 
etworks, the CC2420 radio would not perform as 

g capture effect could be 
onsidered in detail as well. 

 
 mica2 was about 2-3 dB and we observed gray region

of about 8.8dB on telosb platform for CC24
 
6. CONCLUSIONS 
In this project we studied the effect of concurrent 
transmission in low power wireless link 
communication. We confirmed that concurrent 
transmission is possible in low power wireless 

with SINR threshold which ensures that strongest 
packet is received in presence of concurrent 
transmission. 
 
Our experiments confirmed that RTS/CTS are almost 
never desirable in modern wireless networks that 
su
reduce end-to-end 
network; and control traffic imposes control overhead 
on networks with small data payloads such as 
802.15.4. 
 
We observe that SINR threshold varies for each 
transmitter and observed a gray region of about 
8.8dB. Our experiments confirmed that complete 
capture can be
e
threshold value for SRC1 of 3dB and for SRC2 of 
5.8dB. 
 
One of the important reasons we obtained a wider 
gray region could be due to the fact that we never 
considered the 8ms initial window that original 
experimen
tr
then the receiver discards that packet, even if the 
signal strength of the packet coming later exceeds 
that of the one that reached earlier. This leads to 
packet disregard of all the packets that could have 
been captured resulting in a wider gray region. This 
concludes that, if and when an interference-aware 
protocol
n
well as the CC1000 radio 
 
7. FUTURE WORK 
Our experiments considered only single interferer 
and single transmitter. Future work would include 
considering multiple interferers and studying the 
effect of multiple interferers in presence of 
concurrent transmission. Future work would also 
include the study of location on PRR and SINR. It 
also includes further study of the causes of getting 
wider gray region for Tmote sky devices with 
CC2420 radio as compared to Mica2 devices with 
CC2420 radio. The design of an interference aware 
MAC protocol considerin
c
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