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Overview of paper

 Topic
♦ Introduce FreeBee, a novel cross-technology communication 

framework

 Framework Goal
♦ Enables communication among three popular wireless technologies : 

Wi-Fi, ZigBee, and Bluetooth.

 Contribution
♦ Allows heterogeneous devices to receive broadcast simultaneously 

from a sender with overlapping frequencies

♦ Requires no hardware modification, no dedicated traffic

♦ Supports concurrent transmission and reception of multiple signals
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Practical Use – Benefits to ZigBee

 Example 1 : Appliance management for smart homes
♦ Using legacy WiFi AP

 Determines whether the resident is away or home. (his/her smart phone 
is associated or not)

♦ Using FreeBee

 Deliver the information to appliance attached ZigBee nodes inside the 
home. Then, the nodes can operate in appropriate mode.

 If the resident leaves, the nodes turn to “away mode”. 

5

Saving Energy

&

Lower Temperature

<Figure 1: Context-aware home automation>



Practical Use – Benefits to WiFi

 Example 2 : Saving energy of mobile devices
♦ Problem when using legacy WiFi on mobile devices

 Operating a WiFI NIC continuously wastes energy in mobile devices.

♦ Using FreeBee – wake on selective WLAN

 Attaching a low-power ZigBee radio to the device to wake up the WiFi
NIC whenever it detects the existence an WiFi AP.

 Furthermore, FreeBee helps it wake up only when it finds an open AP 
except for private AP by accessibility information(open/private).
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Practical Use – Benefits to Bluetooth

 Example 3 : Alert service
♦ Using legacy Bluetooth

 Widely used in portable devices including glucose, and heart monitors

♦ Using FreeBee

 It can offer the location of the patient(with Bluetooth device) via 
geolocation provided by adjacent WiFi AP.

 Moreover, It allows accurate and timely medical actions in case of an 
emergency.
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Principle of the heterogeneous comm.

 Problem
♦ WiFi packets cannot be directly captured and recognized by ZigBee 

nodes due to incompatible PHY layers.

 So how to communicate?
♦ WiFi coexists with ZigBee on the 2.4 Ghz ISM band.

♦ ZigBee receiver statically can detect the position of the WiFi
packets, using it RSSI sensing capability.

♦ Beacon is sent from each heterogeneous communication 
periodically.

♦ We can get symbols by modulation/demodulation of the beacon 
position when shifting beacon position.

9



Design Overview

 Features
♦ Modulation/Demodulation techniques

♦ Multiple Access scheme for concurrent communications

 Limitations for use of FreeBee
♦ Exists on 2.4Ghz ISM bands

♦ Use MAC techniques Including CSMA, RSSI sampling
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<Figure 4: Architecture and scope in white boxes>

Gray: MAC General Function 

White: FreeBee Function





Basic FreeBee

 The basic version of modulation/demodulation

 Assumption 
♦ Unmodulated position of the beacon is found during the initial 

network setup.(==reference position)

 Modulation
♦ Transmission time of beacons frames is shifted from reference 

position by configurable settings. 

 Demodulation
♦ Modulated beacon positions found later are compared to the 

reference position for symbol interpretation.
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Modulation[1/2]

 Reference position (t)
♦ unmodulated position of the beacon  found during the initial network 

setup.

 Beacon Interval (T)
♦ typically it is set to 102.4ms adopted in the legacy WiFi AP

 Unit of the shift (∆)
♦ set to 1.024ms by 802.11 standard
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<Figure 5: The symbol is embedded by shifting the beacon from its reference position, 

where the degree of shift ranges between (-T/2, T/2] >



Modulation[2/2]

 Beacon Shift for modulation
♦ Shift the beacon from its reference position in the range of (-T/2, T/2] 

to indicate the symbol to be delivered.

♦ Multiple consecutive beacons are shifted.(Beacons are transmitted 
at t + �ℎ���, � + � + �ℎ��� and so on)

♦ Conveyed information amount increased by adopting smaller ∆.  
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<Figure 5: The symbol is embedded by shifting the beacon from its reference position, 

where the degree of shift ranges between (-T/2, T/2] >



Demodulation[1/2]

 Procedure to find beacon position
1. FreeBee starts from sampling the energy in the channel.

2. Captured values quantized to 0 if below threshold and 1 if above 
threshold. 

 threshold == -75dBm following 802.15.4 standard

3. Quantized values(RSSI samples) are cut into lengths of P and 
folded into a matrix. 

4. If column-wise sum is highest, the column indicates the position of 
the beacon. The others have lower sum are noises.
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<Figure 6: Folding example, P = 5>



Demodulation[2/2]

 Estimating beacon position
♦ The same process used to learn the reference position of the 

beacon during network initialization and to find the modulated 
position.

 Getting symbol
♦ The difference of the two positions indicates symbol.
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<Figure 7: Example of FreeBee demodulation, T = 113, symbol = 20 ∆ >





A-FreeBee[1/2]

 Limitation of Basic FreeBee
♦ Requires learning the reference position beforehand

 A-FreeBee
♦ Makes the designs free from prior knowledge

♦ Can offer instantaneous communication

 Modulation
♦ Beacons are scheduled to construct two streams of beacons with 

the same interval of 2T. One stream is a shifted version of the other.

 Demodulation
♦ Two streams are folded by 2T. The distance between two highest 

fold sum indicates A-FreeBee symbol.
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A-FreeBee[2/2]

 Folding examples about demodulation
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<Figure 7: Example of A-FreeBee demodulation: two high fold sum columns are detected>

<Figure 8: Example of A-FreeBee demodulation, T = 113 ∆ , symbol = T-20∆ >



Pros & Cons of A-FreeBee

 Pros
♦ Requires no synchronization

♦ Supports instantaneous communication without prior knowledge

 Cons
♦ Data-rates is less than basic FreeBee

♦ Requires collecting a twice number of beacons  
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Interval Multiplexing

 Interval Duplicated Problem
♦ Same or arbitrary intervals may cause errors in demodulation when 

multiple senders exist.

 Interval Multiplexing
♦ Allows simultaneous communication of n APs

♦ Let beacon intervals(T) of n neighboring APs be ��∆, ��∆, … ��∆.

 ��, ��, … �� should be pair-wise co-primes.

 Procedure
1. APs listen to each other to acquire the beacon interval 

information(T).

2. APs store a set of intervals used by the neighboring Aps.

3. An unoccupied prime number(��) is chosen as its interval base.
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Scenarios of Interval Multiplexing

1. There are two FreeBee senders with intervals �� = 3∆ and 
�� = 5∆. 

2. FreeBee receiver can detect the beacon position by 
folding with P = 3 and 5 and looking for the column with 
the highest fold sum.

3. However, if the intervals are �� = 2∆ and �� = 4∆, it will 
cause to demodulation error.
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<Figure 9: Demodulating interval-multiplexed FreeBee symbols>





Experiment Setting
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<Figure 10: Four Evaluation platforms on

3 different wiles technologies> 



Per-sender Throughput

 The experiment was conducted in a residential area with 
about 20 APs.
♦ Throughput of each case showed about dozens of bps.

♦ Performance of A-FreeBee is silightly less than half of that of 
FreeBee due to doubled sampling.

♦ Throughput on each technology is different due to the difference of 
the default ∆ size.
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<Figure 11: Per-sender throughput achievable 

without incurring any extra traffic> 



Symbol Error Rate
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<Figure 11: Indoor and outdoor performance> 

 This experiment is based on WiFi(WARP) to ZigBee 
communication.
♦ FreeBee and A-FreeBee perform better in outdoor environments 

due to lower channel occupancy.

♦ Generally, SER of A-FreeBee is higher than that of FreeBee.



Cross-technology Broadcast

 In the experiment, channels for each technology were set.
♦ WiFi : Channel 4

♦ ZigBee : Channel 15

♦ Bluetooth : Channel 38(Adv Channel)

 WiFi receiver suffer from larger SER compared to ZigBee.
♦ WiFi channel 4 overlaps with the popular WiFi channel 1 and 6.

♦ However, ZigBee channel 15 does not.
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<Figure 12: Simultaneous broadcast from Bluetooth to WiFi and ZigBee> 



Cross-channel Broadcast
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<Figure 13: Simultaneous broadcast from WiFi to ZigBees on different channels> 

 In the experiment, channels for each technology were set.
♦ WiFi: Channel 4

♦ ZigBee: Channel 14, 15

 A sender with wider bandwidth(WiFi) can reach multiple 
narrower-band receivers(ZigBee) on different channel with 
a single broadcast.

 SER on channel 14 is larger than that of channel 15.
♦ Channel 14 is affected by the noise from popular WiFi channel 1.



Transparency[1/2]

 For the experiment, 5 WiFi FreeBee senders, �� − ��, were 
deployed with prime beacon interval [89∆, 97∆, 101∆, 103∆,
107∆]. 
♦ The senders can be FreeBee ON or OFF.

♦ Only when it is ON, FreeBee symbols are embedded.

♦ When OFF, the sender acts as a legacy AP. 

 Goal of Experiment 
♦ Observe the throughput of legacy wireless networks when a single 

to multiple FreeBee APs are operational.

 Experiment Steps
1. Turn only F1 to ON mode, while leaving all the others OFF.

2. Turn F2 − F5 to ON one by one every 10 minutes.
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Transparency[2/2]

 The results show stable throughputs averaging 4.1Mbps 
and 19.6Kbps for WiFi and ZigBee, respectively.

 Both networks are unaffected by the presence of FreeBees.
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<Figure 14: Transparency of FreeBee to WiFi and ZigBee> 

(a) WiFi (a) ZigBee



Mobility and Duty Cycling

 In the experiment, several WiFi (A-)FreeBee senders are 
deployed.
♦ On a street: 3 A-FreeBee senders, 20m apart

♦ In a university building: 6 FreeBee senders are deployed as shown 
in Figure 14(b)

 Mobile receivers pass by the senders at different speeds
♦ On a street: Walking, running, on a bicycle, and in a car.

♦ In a university building: Walking
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<Figure 14: Mobile scenario evaluation : outdoor and indoor> 



Mobility and Duty Cycling – On a street

 When walking, running, riding bicycle and car, reception 
can be ensured with duty cycling of only 1.5%, 3%, 4.5% 
and 10%, respectively.
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<Figure 15: Mobile scenario evaluation: outdoor > 



Mobility and Duty Cycling – On a university

 A higher duty cycle ratio compared to previous result in 
outdoor is required due to the noisy environment with 50+ 
legacy WiFi APs deployed.
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<Figure 16: Mobile scenario evaluation: indoor, walking> 





Conclusion 

 FreeBee can help heterogeneous technologies take 
advantage of the coexistence problem by adopting mutual 
supplementation.

 I believe that this paper can be a hint to provide improved 
interoperability between 6lo technologies that is one of the 
my research works. 
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Thank you for your attention!

Any Questions ?
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