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Abstract: C2POWER project aims at reducing the energy consumption of legacy and future wireless 

mobile devices through exploiting cognition and cooperative strategies. Two main scenarios are 

addressed within the project, namely: Energy savings using short range cooperative clusters in 

homogeneous networks; and exploiting cognitive autonomous handovers in heterogeneous 

environments for energy consumption reduction in multi-standard mobile devices. To provide a 

complete solution, C2POWER also investigates energy efficient reconfigurable transceivers, which are 

critical in networks of the future that consider a HetNet environment.   

The current deliverable presents the proof of concept report on the energy efficient strategies 

developed and investigated in the framework of the C2POWER Project. The document presents the 

measurement test-beds, which have been setup to investigate potential energy savings in the context of 

reconfigurable radios, short range communication and heterogeneous communication; details the use 
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cases under investigation; and presents the main results in the global perspective of the C2Power 

Project. Three main testbeds have been implemented reflecting the three major directions of C2POWER.  

The first testbed presents a fully energy efficient front-end module, constituting 2 PAs (Power Amplifier) 

and a tunable matching network-antenna board. The testbed is capable of transmitting modulated LTE 

or WiMAX uplink signals. The platform shows an increase in efficiency improving the overall power 

added efficiency from the range of 2.9-11% to the range of 18-21%.  

The second platform demonstrates the short range cooperative solutions, combining WiFi with WiMedia 

technologies. The platform has the capability of testing the cooperative communication, either using 

wireless antenna or using cabled wired medium for the repeatability of tests. The testbed results 

present energy savings of up to 68-74% depending on the scenario. 

The last showcase is a mobility platform used to demonstrate the performance of smart handovers, 

whether vertical handovers between WiMAX and WiFi or horizontal handovers between WiMAX Macro 

and Femto cells. The demonstration results are very promising and achieve energy savings up to 33% 

(VHOs) and 24.3% (M-F HO). 

The deliverable can be considered a conclusion of C2POWER research efforts, proving the concepts and 

demonstrating the performance gains of the proposed solutions in very close to real-life testbeds. 

 

Keyword list: Energy Efficiency, Modelling and Demonstration, Reconfigurable Radios, Short Range 

communication, Heterogeneous Communication, Vertical handovers, Macro-Femto Handover, Power 

amplifier, impedance tuner, miniature antenna 
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Executive Summary 

The main goal of WP7 is to showcase and prove the concepts of C2POWER solutions, which are 

developed throughout the lifetime of the project. As clearly stated, C2POWER target is to reduce energy 

consumption of the wireless mobile devices, while keeping the quality of service at acceptable levels. 

C2POWER concentrates on the energy consumed in the wireless communications. Toward this end, 

C2POWER investigates two main scenarios, namely using cooperative short-range communication for 

energy saving and exploiting smart cognitive handover between heterogeneous/homogeneous (Macro-

Femto) radio access technologies (RATs). Hence, WP7 is responsible for showcasing these scenarios with 

the new energy saving algorithms/protocols being developed within C2POWER, as well as 

demonstrating the physical prototypes designed within WP4 “Energy-efficient reconfigurable radio 

transceivers”.  

In order to achieve WP7 objectives, several major goals have been identified: the first is to  deliver a 

means of measuring and analysing the performance of the power-saving techniques developed in the 

simulation work of WP4-WP6; secondly to implement and evaluate a selection of those techniques in 

embedded firmware on real hardware resembling that of a mobile handset as much as possible; and 

finally the operation of the tests needs to be automatable in order to deliver reproducible and clearly 

defined scenarios and results.   

Toward achieving these objectives, the WP is divided into five tasks as follows: 

• T7.1. Showcase and technology selection 

• T7.2. Implementation architecture, guidelines and test plan 

• T7.3. Measurement setup for power consumption in mobile devices 

• T7.4. Building block validation and conformance testing 

• T7.5. Integration, performance evaluation and guidelines 

This document presents the final outcome of WP7, showing the test setups and measurement results 

that have been carried out in the framework of C2Power and providing a proof of concept of the 

energy efficient strategies developed and investigated. It presents the potential energy savings in the 

context of reconfigurable radios, short range communication and heterogeneous communication, 

details the use cases under investigation and presents the main results in the global perspective of the 

C2Power Project. 

Regarding the first showcase (Energy efficient Reconfigurable Front-end Module),  

a demonstration platform based on the hardware technology blocks developed in WP4 was 

implemented and characterized; this platform includes two power amplifiers for LTE (1920-1980 MHz 

band) and WiMAX (3.4-3.6 GHz band), a tunable matching network and a miniature dual-band antenna. 

The platform was designed to be able to transmit modulated uplink signals of LTE and WiMAX. The 

demonstrated results showed an energy improvement, providing overall Power Added Efficiency (PAE) 

in the range of 18-21% (compared to 2.9-11% without C2POWER components). 

The second showcase objective is to demonstrate energy saving technologies for short-range 

cooperative wireless mobile handsets and focus on the power that is consumed under different 

scenarios. To facilitate the measurement and analysis, C2POWER has designed a ‘test bed’ consisting of 

a number of ‘C2Power Nodes’ which allows the power and energy efficiency of a node that is 

representative of a typical mobile handset to be measured in  

a heterogeneous networking environment. Two separate scenarios have been selected,  

a 2-Node arrangement that can be configured to operate in both a wired and wireless environment and 

a more complicated 4-Node wired test platform which delivers stability and reproducibility for more 

complex scenarios. The two arrangements produced gains in terms of energy efficiency, reaching up to 
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68-74%, compared to the baseline scenario considering direct communications between source mobile 

devices and AP using WiFi. 

The energy efficient handover strategies investigated and developed in WP6 have been tested in the 

third showcase, which is an emulated outdoor indoor environment use cases over a heterogeneous 

mobility platform. The context information made available from terminals and the network is provided 

to handover algorithm blocks, which make the necessary decisions to optimise energy efficiency while 

maintaining an acceptable Quality of Service. Two types of handover policies have been investigated; 

Vertical Handover Policies in a WiMAX-WiFi networking environment and  Macro-To-Femto Handover 

Policies in a WiMAX Networking environment. All the handover strategies proposed in the C2Power 

project presented significant energy efficiency percentage (up to 33% in VHO case and 24% in M-F HO 

case) which is strongly correlated with the time that the user terminal is in the vicinity of more energy 

efficient network links. Nevertheless, all the algorithms perform significantly better than signal based 

handover policies which proves the principle of their design and operation. 

The deliverable provides a complete set of extensive results obtained from the three showcases, which 

are considered the proof of C2POWER concepts. 
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1. Introduction 

The objective of WP7 was to prove the concepts of C2POWER on showcases portraying short-range 

cooperation in homogeneous networks (scenario 1) and vertical handover for power saving (scenario 2). 

These showcases were based on the C2POWER scenarios definition from WP2, but with an emphasis on 

C2POWER technology exposure and proof of concept. To this end, WP7 has integrated the key elements 

of C2POWER technology coming from WP4-6 in order to validate the project concepts:  

The scope of the first showcase, was to demonstrate how nodes belonging to a cluster can cooperate to 

optimize their connection to the RAT in order to save nodes battery power. To facilitate the 

measurement and analysis, Veebeam have designed a ‘test bed’ consisting of a number of ‘C2Power 

Nodes’ which allows the power and energy efficiency of a node that is representative of a typical mobile 

handset (DUT) to be measured in a heterogeneous networking environment. Two separate scenarios 

have been selected, a simple 2-Node arrangement that can be configured to operate in both a wired and 

wireless environment and a more complicated 4-Node wired test platform which delivers stability and 

reproducibility for more complex scenarios. In both cases, the power consumption of the DUT is 

measured and logged by the nodes whilst transmitting/receiving data across the network incorporating 

the nodes and the WiFi AP, with the DUT in different physical locations. The 2-Node wireless test-bed 

demonstrates the results of integrating deliverables fromWP4 and WP5 by incorporating the TMN-

Antenna design into the C2P nodes. The RF connections of the mid-range (WiFi) and short-range (UWB) 

radios are be routed into the antenna ports of the TM which provides an ideal opportunity to test its 

performance in a typical indoor office environment. Bear in mind that the architecture and resource 

profile of a DUT closely resembles that of a typical mobile handset. This arrangement offers insight into 

the issues to be addressed, and the realistic boundaries to be drawn when considering how a real 

product would integrate the TMN into a multi-radio C2POWER system. 

The scope of the second showcase was to test how a flexible device could select the RAT which has the 

lowest energy demand while providing the required quality of service. This required a mobility platform 

which provisions seamless connectivity in the presence of heterogeneous RATs. Therefore in order to 

evaluate the energy efficient Handover strategies (Vertical Handover and Macro to Femto Handover 

decision) investigated and developed in WP6, and demonstrate the benefit in terms of battery savings in 

a multi-technology terminal, a test setup has been put together which integrates together the various 

modules implemented within the C2Power Project. These modules include: the context aware modules 

(WP3) which provide location-specific information about the user (received signal strengths from the 

available heterogeneous network links, the location of the user, power consumption of each adapter on 

the user terminal, remaining battery etc.) into the database; the database (WP3/WP6) which is sitting in 

a central position; together with the Handover decision algorithms (WP6) (which directly receive context 

from the database); the IP mobility implementation (WP6) which receives and executes the handovers 

to ensure session continuity; and the energy evaluation module which evaluates and demonstrates 

energy efficiency into a user interface (WP7). The investigations presented in this deliverable have been 

carried out for a typical use case which was defined in WP2 and demonstrated the benefits in energy 

efficiency for four Vertical Handover Algorithms and one Macro-to-Femto Handover Algorithm. 

Finally, in order to demonstrate the benefits of the hardware technology blocks developed in WP4, an 

energy-efficient reconfigurable radio demonstrator has been designed and implemented consisting of 

an envelope-tracking Power Amplifier, Doherty Power Amplifier, Tunable Matching Network integrated 

circuit and a multiband miniature multi-band antenna. The objectives of the proposed set-up were to 

demonstrate experimentally the performances of the hardware prototypes and the energy efficiency 

improvement obtained with respect to a standard architecture (i.e. standard PA and no TMN). A figure 

of merit, named Power Added Efficiency, was defined to characterize the global power budget of the 

demonstrator from the input RF power to the radiated RF power taking into account the power 

consumption of each block. 
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This deliverable is structured as follows: 

• Section 2 presents a platform demonstrating energy-efficient reconfigurable radio circuits 

developed in WP4 of C2POWER. These blocks include two power amplifiers with envelope-

tracking and Doherty architecture, respectively, as well as a tunable matching network 

associated to a dual-band miniature antenna. This platform is designed to operate at 1920-

1980 MHz for LTE and 3.4-3.6 GHz for WiMAX. Experimental results are presented on the 

performances of each hardware component and the full platform. 

• Section 3 presents the test setup and results for short range energy efficient cooperative 

communication for a 2-node and a 4-node setup. 

• Section 4 presents the proof of concept and evaluation of Energy Efficient Handovers (both 

Vertical and Macro-Femto) by utilising an IP mobility platform which provisions seamless 

connectivity in heterogeneous networks. 

• Section 5 is a conclusion and a global perspective of the results of the C2Power proof of 

concept. 
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2. Energy-efficient Reconfigurable Radios 

2.1 Platform general description 

In order to demonstrate the benefits of the hardware technology blocks developed in WP4, an energy-

efficient reconfigurable radio demonstrator has been designed and implemented with the following 

blocks: 

• A 1-W envelope-tracking Power Amplifier (PA) at 1920-1980 MHz operating with LTE up-link 

signals, 

• A 1-W Doherty Power Amplifier (PA) at 3.43.6 GHz operating with WiMAX up-link signals, 

• A Tunable-Matching-Network (TMN) integrated circuit, 

• A multiband miniature antenna covering the GSM-900 frequency band, as well as all the bands 

from 1900 MHz to 3.6 GHz (i.e. including the two PAs operating bands). 

A conceptual description of the demonstrator is presented in Figure 1, representing the hardware blocks 

developed in WP4 in green and the laboratory instruments in other colours. Two signal generators are 

used to generate the LTE and WiMAX up-link modulated signals; these signals are amplified and sent to 

the TMN antenna module, which integrates a SPDT switch (for LTE/WiMAX selection), the TMN circuit, 

and the antenna. A computer monitors the PAs’ output power through two power sensors, measures 

the reflection coefficient at the antenna input and controls the TMN circuit. The radiated signal is 

measured with a signal analyzer through an ad-hoc antenna. 
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(a) 

 

 

(b) 

Figure 1: Overview (a) and detailed description (b) of the energy-efficient reconfigurable 

radio demonstrator 

The objectives of this set-up are to demonstrate experimentally the performances of these hardware 

prototypes and the energy efficiency improvement obtained with respect to a standard architecture (i.e. 

standard PA and no TMN). As presented in C2POWER previous deliverables D4.5 [1] and D7.1 [2], a 

figure of merit, named Power Added Efficiency, was defined to characterize the global power budget of 

the demonstrator from the input RF power to the radiated RF power taking into account the power 

consumption of each block [3]. 
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2.2 Platform final integration 

2.2.1 Envelope-Tracking Power Amplifier 

In the framework of the WP4 of the C2Power project, an Envelope Tracking System (ETS) has been 

realized around 3-stage PA biased in Class AB in LTE Band1 [A]. For D7.3, the goal is to introduce this PA 

in a complete front-end with antenna matching and Doherty structure as an alternative PA topology. 

Compared to the D4.5 prototype, done to demonstrate the benefit of Envelope Tracking System (ETS), 

some modifications have been taken into account to simplify the integration with the other components 

of the TX chain. A description of this modified demonstrator is presented in the next paragraphs. The 

measurements performed with this demonstrator are also provided. 

2.2.1.1 Envelope Tracking Demonstration Board 

The demonstrator of Envelope Tracking System is shown in Figure 2. Different boards and components 

designed in the framework of WP4 have been assembled in the box: 

• 1 board with Envelope Tracking System ( 2 driver stages + final stage with ETS )    

• 1 board with class AB Power Amplifier ( 2 driver stages + final stage without ETS) 

• 2 RF switches 

• DC cables 

The complete demonstrator allows evaluating the enhancements added by the Envelope Tracking 

System. The RF switches give the possibility to commute easily between the 2 boards without cable 

disconnection. A synoptic describing the inside of the box is given in Figure 3. 

 

Figure 2: Envelope-Tracking power amplifier demonstrator (rear and front panel) 

 

Figure 3: Synoptic of the Envelope-Tracking demonstrator 
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The demonstrator is composed of two RF paths. The first path is going through a board integrating a 

class AB Power Amplifier with an Envelope-Tracking System, and the second one is with the same PA 

topology without ETS. Only one path works at once.  

The selection of the RF path is done by two SPDT RF switches (1 input to 2 outputs at the RF input and 2 

inputs to 1 output at the RF output). The input of the chain is connected to the RF SMA connector "IN-

RF" through one switch and the output is connected to the SMA connector "OUT-RF" through the 

second one. Only one DC power supply is needed to control the switches (CMD-ET for the ETS board and 

CMD-AB for the board without ETS).   

On each board, the power amplifier is composed of three stages: 

• Two driver stages   

• One final power amplifier stage.  

The two driver stages were not presented in D4.5 [1]. These components have been added to increase 

the gain of the TX chain and to be directly driven with the RF signal generator or LTE modem.  

Moreover, the ETS board integrates the voltage modulator and the RF coupler with the drivers and final 

PAs on the same Printed Circuit Board. All these functionalities were separated for the D4.5 deliverable.  

All drivers are self-biased and are supplied by a common DC voltage named "VDD-DRV". Each final stage 

is supplied by its own supply voltage named "VDD-PA-ET" for the Envelope tracking board and "VDD-PA-

AB" for the class AB drain voltage. 

The gates of each board are connected together in order to use only one DC Power supply. 

The picture of the different components is shown in Figure 4. 

 

Figure 4: Photograph of the circuits in the demonstrator 

2.2.1.2 Measurements results 

The demonstrator has been designed to be compliant with 3GPP LTE User Equipment standard in term 

of linearity for an average output power of 23 dBm (1 W/30 dBm peak) with the lowest power 

consumption as possible in Band 1. 
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The final platform integrating the ETS demonstrator will allow measuring the main figures of merit of 

the power amplifiers as described in D4.5:   

• Average Output Power at the output of the final PA stage (Pout = 23 dBm) 

• Current consumption (I_BAT) 

• DC Power (Pdc= I_BAT x Vdd_BAT) 

• Efficiency with and without ETS.  

• Adjacent Channel Leakage Ratio ACLR (ACLR < -30dBc) 

• Error Vector Magnitude (EVM<17% for QPSK modulation) 

The main performances obtained with the demonstrator are summarized for three frequencies in Band 

1 at room temperature in Table 1.  

 

Table 1: Main performances with and without ETS 

Final 

stage 

Freq. 

(MHz) 

VG 

(V) 

POUT 

(dBm) 

POUT 

(mW) 

VDD 

(V) 

IDD 

(mA) 

PDC 

(mW) 
PAE 

ACLR 

low 

(dBc) 

ACLR 

up 

(dBc) 

EVM 

ETS 1920 0.45 23.02 200.4 4.5 105 472.5 42.4% -26.3 -27.1 5.82% 

ETS 1950 0.45 23.01 200 4.5 104.7 471.1 42.4% -26.4 -27.3 5.73% 

ETS 1980 0.45 23.04 201.4 4.5 99.5 447.7 45% -36.5 -27.4 5.97% 

 

No ETS 1920 0.45 23.08 203.2 4.5 183 823.5 24.7% -34.5 -35.6 3.21% 

No ETS 1950 0.45 23.03 200.9 4.5 192 864 23.2% -35.2 -37.1 2.59% 

No ETS 1980 0.45 23.00 199.5 4.5 176.6 794.7 25.1% -35.3 -37.1 2.46% 

 

The battery voltage is 4.5 V. The current consumption does not include the consumption of the two 

driver stages.   

Due to hardware limitation of voltage modulator in the final prototype, the tests have been performed 

for LTE uplink signal with a limited modulation bandwidth of 1.4 MHz. The root cause for this issue is 

due to the limited bandwidth of an amplifier in the Voltage Modulator chain, which is not sufficient to 

pass the complete modulation bandwidth. So, the modulated signal is an LTE uplink QPSK with a 

bandwidth of 1.4 MHz. 

The results in Table 1 show an improvement of the efficiency with the envelope tracking system. The 

efficiency improvement is around 18% on the complete frequency range. The EVM is compliant to the 

3GPP standard, but a 2% EVM degradation is observed on the board with ETS. This behaviour appears 

more significantly on ACLR measurements. 10dB in linearity are lost when the ETS is enabled. The 

current PA with ETS is not compliant in term of ACLR. Some improvements are expected by the 

optimization of the voltage modulator. 

All these measurements have been performed under 50 ohms conditions. The final platform including 

this demonstrator will be able to evaluate these performances with the same environment. ETS 

association with antenna matching system in the final demonstration will allow keeping the power 

amplifier always close to this optimal state. 

2.2.2 Doherty Power Amplifier 

The implementation from deliverable D4.5 [1] was tested and was measured in IT facilities. A 3.5-GHz, 

30-dBm Mobile WiMAX handset load modulation RF power amplifier has been designed using the TOM3 
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large signal model and FPD1500 transistor, and measured with RF measuring equipment, which include 

spectrum analyser, network analyser, power supplies, power meter, and a signal generator. This design 

comprised several design steps for which the optimization is applied to each in order to obtain global 

high performances of the entire load modulation RF power amplifier. Initially, the design of carrier and 

peak amplifiers, input 3dB 90 degree hybrid coupler designs, Output 90 degree offset line and 

impedance transformer designs were performed.  

First of all, the 3-dB quadrature splitter was tested separately to see its performance. A 3-dB quadrature 

splitter is part of load modulation and if designed properly can contribute a lot to the total efficiency of 

the system. Our investigation shows that the operation of this technique is strongly influenced by the 

coupling factor of the input splitter. In fact, in this research 3-dB quadrature splitter have been designed 

(Figure 5a) and tested in terms of the operating frequency and bandwidth, and this showed good results 

as appeared in Figure 5b and Figure 5c. It should be noted that this splitter is at the input of amplifier 

and will divides the input signal equally between the carrier and peaking amplifiers. The splitter, the 

Carrier Class B, the peaking Class C, and impedance transformer at the output are combined to form a 

load modulation RF power amplifier. 

 

 

 
(a)     (b) 

 

 

(c) 

 

Figure 5: Power splitter photograph (a), insertion loss (b) and isolation (c) 

Figure 6a shows the prototype diagram of the proposed load modulation RF power amplifier with offset 

transmission line at both output and input circuit which maximize the overall system’s efficiency with 

the configuration of Class B amplifier.  
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The load modulation was initially characterized for AM-AM and AM-PM responses, as well as output 

power and efficiency. The performance comparisons between the load-modulation amplifier and Class-B 

amplifier are performed and the output power increased to 30 dBm at 1-dB compression point, while 

the efficiency increased to 53%. Figure 6b presents the variation of the input power versus output 

power of the load modulation. It clearly shows that the 30 dBm output power level is in the linear region 

of the amplifier and this was achieved due to the characteristic of gain compression and expansion of 

the load modulation. The peaking amplifier Class C late gain expansion can compensate the carrier 

Class-B amplifier gain compression. Figure 6c presents the gain characteristic versus output power; the 

graph shows the power gain of load modulation amplifier is degraded drastically compared to Class-B 

due to the arrangement of lower biasing.  

Figure 6d shows the power added efficiency (PAE) versus output power. The load modulation amplifier 

has a higher efficiency over the range of wide output power levels compared to Class B amplifier (Table 

2). 

 

(a) (b) 
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Figure 6: Implemented prototype of energy-efficient load-modulation power amplifier (a), 

AM-AM characteristics of load modulation amplifier (b), gain characteristics (c), and Power-

Added Efficiency (d) 
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Table 2: Performance comparison of class-B and load-modulation power amplifiers at Pout 

1dB compression point 

Amplifier Gain (dB) Pout (dBm) at 1dB PAE (%) at 

P1dB 

Class   B amplifier 15.4 dB 27.5 dBm 37% 

Load modulation 11.8 dB 30 dBm 53% 
 

2.2.3 Tunable Matching Network and antenna 

The third main block of the platform is the TMN-Antenna module (Figure 7), which includes: 

• the dual-band antenna,  

• the tunable matching network (TMN), 

• a coupler and two detectors to measure the incident and reflected power at the input of the 

TMN, 

• a SPDT switch to select one of the two RF input ports (UFL connectors) associated to each PA of 

the platform. 

 

(a) (b) 

Figure 7: Description of the TMN-Antenna module (size 110×50 mm
2
) 

2.2.3.1 Dual-band antenna 

The antenna performance was presented in detail in D4.5 [1] and several publications [3], [4], [5] and 

are only summarized here. The miniature notch slot antenna is shown in Figure 7. It exhibits a dual-band 

response with a lower band at 815–1010 MHz (VSWR < 3:1) covering the GSM standard and a higher 

band at 1800–3600 MHz (VSWR < 3:1) covering, among others, the 1920-1980 MHz and 3400-3600 MHz 

bands chosen for this demonstration. Its efficiency is higher than 70%. 

2.2.3.2 Tunable matching network 

The Tunable Matching Network (TMN) is based on a Pi-network composed of a fixed external inductor 

and two integrated SOI CMOS Digitally Tunable Capacitors (DTC). In deliverable D4.5, the measured 

results of a first TMN circuit (TMN1) including two identical DTCs were presented [1]. The obtained 

smith chart coverage was relatively good in the 1.7-2.7GHz frequency range and was in line with 

simulations but insertion loss was high, partly due to DTC connections (bondwires). In this work, a new 

TMN circuit (TMN2) has been mounted and tested with/without the antenna. TMN2 includes two 
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different DTC which have been designed to cover the range 0.7-2.8 pF (C1) and 1.5-5.0 pF (C2) 

respectively, with a 5 bits resolution (32 states for each capacitor). 

The TMN has been characterized independently on a dedicated board to evaluate its insertion loss. As 

can be seen in Figure 8, the TMN is centred on 50 Ohm and provides good impedance coverage at 

1.95 GHz. The corresponding Insertion Loss (IL) has also been measured and is given for the DTC states 

that provide less than 1.5:1 VSWR at the input of the TMN-Antenna module. In the considered 

capacitance range, IL remains below 2 dB, with a minimum of 1.1 dB obtained for C1 = 17 and C2 = 6 

which corresponds to a S11 of -14dB. For this state, the simulated IL is lower than 1 dB and 

investigations are in progress to find the root cause of the observed degradation. 

 

 

Figure 8: Measured Smith Chart Coverage (left)  

and Insertion Loss (right) of the TMN at 1.95GHz 

2.2.3.3 Tests of the TMN-Antenna module 

First, the TMN-Antenna module has been tested in small signal as shown in Figure 9, where the antenna 

is not perturbed. The S11 of the module is given for the 1024 states of the TMN at two different 

frequencies (1.95 GHz and 3.5 GHz). The TMN can provide a very good matching (VSWR < 1.5:1 – green 

circle) at 1.95 GHz for the indicated DTC states (C1 = [17::24] and C2 = [6::11]). At 3.5 GHz, the smith 

chart coverage is very limited and the best matching (VSWR = 1.67:1) is obtained for state 0 

(C1 = C2 = 0).  

 

Figure 9: Measured S11 of the TMN-Antenna module at 1.95GHz (left) and 3.5GHz (right); 

case with no antenna perturbation 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 10: Measured S11 of the TMN-Antenna module at 1.95GHz (left) and 3.5GHz (right) for 

several perturbation cases; ground plane at 15 mm (a), 7 mm (b), and 3 mm (c); Perturbation 

by a dielectric block of permittivity equal to 15 (d). The green and red circles correspond to 

VSWR = 1.5 and 5, respectively 
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Figure 10 presents several cases where the antenna is perturbed and shows all the TMN impedance 

states at 1.95 GHz and 3.5 GHz. In every cases, a very good performance is obtained at 1.95 GHz, i.e. 

numerous impedance states are obtained in the VSWR = 1.5 circle. These performances are summarized 

in Table 3, where the reflection coefficient in the reference state and the optimal state are reported. At 

3.5 GHz, the performances of the TMN are significantly degraded because the TMN was initially 

designed for operation at 1.7-2.7 GHz and the 3.5 GHz band was added only in the final part of the 

project [1]. 

 

Table 3: Summary of the tests of the TMN-Antenna module 

Freq. 

(MHz) 

Power 

(dBm) 

State 0 

(ref.) 
Optimal state 

Configuration 

S11 (dB) C1 C2 S11 (dB) 

1950 -10 -19.2 0 2 -28 No perturbation 

1950 -10 -17 6 0 -37 Ground plane at 15 mm 

1950 -10 -14.3 15 6 -38.5 Ground plane at 10 mm 

1950 -10 -5.9 27 8 -34.4 Ground plane at 7 mm 

1950 -10 -5.5 27 9 -32 Ground plane at 5 mm 

1950 -10 -5.9 27 9 -40.6 Ground plane at 3 mm 

 

2.2.3.4 Test of the TMN-Antenna module with DSP control 

Figure 11 shows a photograph of the validation test using a DSP development board based on Cyclone II 

FPGA from Altera. A search and control algorithm has been implemented into the DSP to automatically 

find the optimal TMN state based on the incident and reflected power measured at the input of the 

TMN by the detectors of the TMN-Antenna board. The current search algorithm based on an exhaustive 

sweep of all the TMN states allows an automatic antenna tuning in approximately 1 s for a clock 

frequency of 1 MHz. 

 

 

Figure 11: TMN-Antenna module and DSP board photograph (left)  

and VHDL blocks implemented into the DSP (right) 
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2.2.4 Full platform 

The platform is presented in Figure 12 and  

Figure 13; it is composed of the three main blocks (two PAs and TMN-Antenna board), two power 

sensing boards, and a Digital Input/Output (DIO) USB interface. This interface allows the control of the 

TMN-Antenna board and the power sensors from the computer (through Matlab) in order to read the 

power levels and control the TMN circuit.  

Through this interface, the TMN can be controlled without the DSP board presented in Section 2.2.3.4 

and in a simpler way. The inconvenient is the rather low running speed of communication between the 

computer and the USB interface; the optimization of the TMN state runs at about 1 s per tested state, 

which makes impractical the testing of the 1024 possible states. In order to perform the measurements 

presented further, we have limited the TMN control to the three most significant bits of each capacitor, 

which corresponds to 64 states. 

 

Figure 12: Photograph of the platform with the user interface 
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Figure 13: Photograph of the platform (58x35 cm) 

In order to test the functionality of the TMN, a controlled perturbation of the antenna is needed. To this 

purpose, we used the system presented in Figure 14, where the height of a metal plate can be manually 

controlled above the antenna with a good accuracy. Another set of tests were performed with a block of 

dielectric material with a permittivity equal to 15. This setup was used in the measurement presented in 

Sections 2.2.3 and 2.3. A main reason for choosing such a system as compared to an actual user hand or 

head is the convergence time of the TMN algorithm which requires the perturbation to be constant in 

order to have meaningful and reproducible results. 

 

 

Figure 14: schematic and photograph of the antenna perturbation system 

 

The output power of the two PAs is monitored with two power sensing boards (Figure 15) using the 

same power detectors as the TMN-Antenna module. These boards are connected to the computer with 

the DIO interface so that the output power of the PAs is displayed in real time. 
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Figure 15: power sensing boards 

 

2.2.5 Computer interface (GUI) 

The graphical user interface (GUI) was implemented in Matlab and is presented in  

Figure 16. The two PAs and the TMN-Antenna are represented graphically.  

Three buttons at the top right of the window control the application (Init, Start, Stop). Two buttons (RF1, 

RF2) control the RF switch of the TMN-Antenna board to select one of the RF input ports. Two buttons 

(Manual, Auto) control the operation of the TMN:  

• in manual mode, it is possible to select the states of the 10 bits of control of the TMN using the 

10 small circular buttons under the TMN block;  

• in Auto mode, the application goes through all the possible combinations and finally selects the 

optimal one. 

For each PA, the input RF power and the biasing values are given by the user. The output power as well 

as the incident power are measured and displayed by the application. The incident power is useful to 

detect an anomalous high reflection at the input of the TMN-Antenna board, such as if the SPDT switch 

is in the wrong state for instance. 

At the input of the TMN, the application measures and displays the input and reflected power. The 

reflection coefficient (Γ) and Voltage Standing Wave Ratio (VSWR) are calculated and displayed as well. 

Next to the antenna, a text field allows the user to indicate the efficiency of the antenna.  

At the bottom right of the window, a summary of the power budget is presented. The first column 

corresponds to the DC power consumption which consists only in the PA consumption. The power 

consumption of the main other components are given below and are neglected in the power budget: 

• TMN: 2.5 V, < 1 mA. 

• Power detectors (2 circuits on the TMN-Antenna board): 3.3 V, < 3 mA 

• SPDT switch: 5 V, 2 μA typ. 

The second column displays the RF power budget along the transmission chain: 

• Input power level (PA input); 

• Gain of the PA (calculated from the measured output power and the input power); 

• Insertion losses of the TMN: known from characterizations of the TMN circuit; 

• Antenna losses: calculated from the efficiency 
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• Other losses: this term represents the losses of the cables, SPDT switch, and transmission lines 

between the PA output and the TMN input. It is calculated as the difference between the PA 

output power and the TMN input power. This term is related to the implementation of the 

demonstrator and would be reduced to less than 0.1 dB in an actual terminal, thanks to a much 

higher integration of all the circuits on a single board. Therefore, it is not taken into account in 

the calculation of the global power added efficiency. 

• Radiated power level: the calculation of the radiated power (P���) is given by the equation 

below, taking into account the measured incident power (P���) at the input of the TMN, the 

insertion losses (IL
��) of the TMN (which depends on its state and the frequency), and the 

efficiency of the antenna (η���). 

���� = ���� − ����� + 10 !"#$%��&				()	*+, 

The third column presents the calculated global Power Added Efficiency (PAE) chose as a figure of merit 

of the platform; the PAE is defined as the ratio between the added RF power (difference between the 

radiated power (P���) and the input power of the PA (P��)) and the DC power consumption (P-.). The 

“Other Losses” mentioned above are taken into account in this calculation in order to extract the losses 

due to the implementation of the platform: 

�/0 = #���� − ���& �12⁄ 							()	% 

 

Figure 16: Screenshot of the user interface (GUI). 

2.3 Measurement results 

This section presents the experimental results obtained during the tests of this platform. Only the LTE 

mode of the platform has been tested at time of writing this document due to several reasons: first, the 

WiMAX PA circuit presented in section 2.2.2 failed due to a degradation during shipping (The consortium 
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is trying to re-manufacture the component and have the measurements ready for the final project 

review); second, the TMN does not show a good distribution of its impedance states in the 3.5 GHz band 

as explained in section 2.2.3.3; this was expected since the circuit was designed for the 1.7-2.7 GHz band 

in the first half of the project and the 3.5 GHz was introduced afterward. Therefore, meaningful 

experimental results could not be obtained in this frequency band. Nevertheless, the experimental 

results presented hereafter are representative of the functions investigated in the project and may be 

reproduced in other frequency bands in the future providing an appropriate design. 

Measurements have been performed on the platform at 1950 MHz in different configurations: 

• Power amplifier with envelope-tracking disabled (“no ET”) or enabled (“ET”), 

• Tunable matching network disabled (“OFF”) or enabled (“ON”), 

• Antenna unperturbed (“Free space”) or several cases of antenna perturbation: metal plate at 3, 

4, 6, 8, 12 mm, dielectric block with a permittivity equal to 15 (“Eps = 15”). 

The measured values presented hereafter were taken directly from the GUI interface presented in 

Section 2.2.5 and reported in Table 4.  

As presented in Section 2.2.1, the power amplifier is composed of two stages: a driver amplifier and an 

output stage. The output stage is a regular class-AB amplifier in the “no ET” mode and an envelope-

tracking amplifier in the “ET” mode. As the driver is common to the two operating modes and is a 

standard design, its power consumption is not taken into account in the global power budget of the 

platform.  

The power consumption of the PA without envelope-tracking is 855 mW for 23 dBm of output power 

and about 30 dB of gain; this corresponds to a power-added efficiency of 23%.  

In the envelope-tracking mode, the power consumption is 450 mW for 23 dBm of output power and 

about 28.5 dB of gain; this corresponds to a PAE of 44%. Therefore, the difference between the two 

modes represents a reduction of the power consumption by about 400 mW or a division by two, 

which is quite significant. 

Taking into account the losses in the TMN and the antenna, the global PAE (defined in Section 2.2.5) of 

the platform in nominal state, i.e. no antenna perturbation, ends up around 9.5% without ET and 

18.7% with ET.  

Figure 17a reports the reflection losses calculated as RL = 10log91-Γ<= (in dB), where Γ is the reflection 

coefficient measured by the TMN-Antenna module and reported in Table 4. In the “TMN OFF” mode, 

significant reflection losses up to 6.7 dB are observed when the metal plate is very close to the antenna. 

Consequently, the radiated power (Figure 17b) is reduced by the same amount in these cases and the 

global PAE (defined in Section 2.2.5) of the platform is degraded down to 3-4% (Figure 17c). 

In all cases of antenna perturbation, the TMN (“TMN ON” mode) succeeds to reduce the reflection 

losses down to less than 0.5 dB. As a result, the radiated power is quite constant around 16 dBm and the 

global PAE is maintained in the range 19-21%. 

  



C2POWER  D7.3 v3.0 

Dissemination level PU – Public    Page 31 (115) 

 

 
(a) 

 
(b) 

 
(c) 

Figure 17: Measurements performed at 1950 MHz (LTE mode); reflection losses (a), radiated 

power (b) and global power-added efficiency (c) 
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Table 4: Summary of the measurements performed at 1950 MHz (LTE mode) 

PA TMN Configuration 
PDC 

(mW) 

POUT 

(dBm) 

Ref. 

Coeff. 

(dB) 

PRAD 

(dBm) 

Global 

PAE 

no ET OFF MP @ 3 mm 855 24.1 -1.05 8.62 2.90% 

no ET OFF MP @ 4 mm 855 24 -1.85 11.2 4.67% 

no ET OFF MP @ 6 mm 855 23.8 -3.1 12.9 6.55% 

no ET OFF MP @ 8 mm 855 23.6 -5.08 14.2 8.20% 

no ET OFF MP @ 12 mm 855 23.2 -7.3 14.8 9.06% 

no ET OFF Free space 855 22.9 -11.3 15.2 9.51% 

no ET OFF Eps=15 855 24 -7.31 15.4 10.97% 
        

no ET ON MP @ 3 mm 855 23.7 -14.7 16.5 11.94% 

no ET ON MP @ 4 mm 855 24.1 -20.6 17.3 13.58% 

no ET ON MP @ 6 mm 855 23.8 -15.6 16.7 12.11% 

no ET ON MP @ 8 mm 855 23.5 -17 16.5 11.56% 

no ET ON MP @ 12 mm 855 23.6 -15.1 16.3 11.75% 

no ET ON Free space 855 24 -19.3 16.6 13.09% 

no ET ON Eps=15 855 23.4 -15.9 16.3 11.30% 
        

ET OFF MP @ 3 mm 450 22.9 -1.05 7.74 4.21% 

ET OFF MP @ 4 mm 450 23.5 -1.2 8.5 5.47% 

ET OFF MP @ 6 mm 450 23.6 -2.9 11.9 11.06% 

ET OFF MP @ 8 mm 450 23.5 -5.15 13.8 14.35% 

ET OFF MP @ 12 mm 450 23.3 -8.73 14.9 18.48% 

ET OFF Free space 450 22.8 -16.8 15.6 18.70% 

ET OFF Eps=15 450 23.2 -8.16 15.1 17.77% 
        

ET ON MP @ 3 mm 450 23.4 -11.8 15.9 20.45% 

ET ON MP @ 4 mm 450 23.3 -14.6 16.1 20.64% 

ET ON MP @ 6 mm 450 23.3 -11.9 15.8 20.45% 

ET ON MP @ 8 mm 450 23.3 -14.2 15.9 20.69% 

ET ON MP @ 12 mm 450 23.2 -10.4 15.3 18.87% 

ET ON Free Space 450 23.1 -30.2 16 20.74% 

ET ON Eps=15 450 23 -15.6 15.7 19.53% 

 

  



C2POWER  D7.3 v3.0 

Dissemination level PU – Public    Page 33 (115) 

2.4 Conclusion 

A demonstration platform based on the hardware technology blocks developed in WP4 was 

implemented and characterized. This platform operates as a front-end power module and is composed 

of two power amplifiers for LTE (1920-1980 MHz band) and WiMAX (3.4-3.6 GHz band), a tunable 

matching network and a miniature dual-band antenna. 

The first PA implements an envelope-tracking architecture and demonstrated a PAE up to 45% at 1.95 

GHz for 23 dBm of average output power. Its linearity performances showed  

a slight degradation of the EVM and a more significant increase of the Adjacent Channel Leakage Ratio 

(ACLR) with respect to a standard class-AB amplifier; this may be improved in a future design. The 

envelope-tracking leads to a reduction of power consumption by about a factor of two (400 mW in this 

case) as compared to a classical class-AB amplifier. 

The second PA implements a Doherty architecture and demonstrated a PAE up to 53% and 11-12 dB of 

gain at 3.5 GHz for 30 dBm peak output power. 

The tunable matching network (TMN) and the antenna were jointly designed and more specifically 

optimized for the 2 GHz band. The TMN was fabricated in CMOS-SOI technology; it exhibits 1024 states 

and insertion losses in the range 1.1-2 dB. The circuit can still be improved and it is believed that 

insertion losses lower than 1 dB can be expected in future optimization. In the current experimental 

results, the TMN succeeds in maintaining a fairly constant radiated power even in cases of strong 

perturbations created by a metallic plane close to the antenna. It is worth noting that the antenna 

developed in this work is quite well matched and robust to perturbations. Many antenna types used in 

actual phones are smaller and more sensitive to their environment (folded monopole or PIFA types); 

therefore, the future work may require investigating these other antenna types in combination with the 

TMN. In addition, the integration of the TMN-Antenna prototype into a realistic phone case is also 

envisioned is order to enable real-case experiments. 

The full platform was demonstrated in LTE mode at 1.95 GHz. Considering a baseline configuration (no 

ET, TMN OFF) where the global PAE is in the range 2.9-11%, the combination of the envelope-tracking 

and the TMN allows a very significant increase of the global PAE to the range 18-21% (Table 4). 
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3. Short Range Cooperative Communication 

One of the objectives of the C2POWER project is to demonstrate energy saving technologies for wireless 

mobile handsets and focus on the power that is consumed under different scenarios. To facilitate the 

measurement and analysis, Veebeam have designed a ‘test bed’ consisting of a number of ‘C2Power 

Nodes’ which allows the power and energy efficiency of a node that is representative of a typical mobile 

handset (DUT) to be measured in a heterogeneous networking environment. The architecture of the 

C2Power Nodes and details of their construction has been fully described in detail in deliverables D5.3 

[6] and D7.2 [7]. 

For the current deliverable, two separate scenarios have been selected, a simple 2-Node arrangement 

that can be configured to operate in both a wired and wireless environment and a more complicated 4-

Node wired test platform which delivers stability and reproducibility for more complex scenarios. The 2-

Node wireless platform has been used to undertake measurements in a typical indoor office 

environment to demonstrate WP5 nodes integrated with the TMN antenna from WP4, as well as 

provide baseline measurements that can be used to align the wired platform as closely as possible with 

wireless operation. To this end the 2-Node arrangement is reproduced in the cabled RF environment, 

which allows the power consumption of the DUT to be measured in a controlled radio environment and 

for initial set-up and calibration of the wired environment attenuators.  

In both cases, the power consumption of the DUT is measured and logged by the nodes whilst 

transmitting/receiving data across the network incorporating the nodes and the WiFi AP, with the DUT 

in different physical locations. The data is processed into a number of tables and graphs to allow the 

energy efficiencies in different configurations to be determined. 

The 2-Node wireless test-bed demonstrates the results of integrating deliverables from WP4 and WP5 

by incorporating the TMN-Antenna design into the C2P nodes. The RF connections of the mid-range 

(WiFi) and short-range (UWB) radios are to be routed into the antenna ports of the TMN which provides 

an ideal opportunity to test its performance in a typical indoor office environment. Bear in mind that the 

architecture and resource profile of a DUT closely resembles that of a typical mobile handset. This 

arrangement offers insight into the issues to be addressed, and the realistic boundaries to be drawn 

when considering how a real product would integrate the TMN into a multi-radio C2POWER system. 
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3.1 Test Platform Architecture 

The architecture and construction of the C2Power Test Bed was fully described in D5.3 [6] and D7.2 [7], 

so will only be outlined here for reference. Referring to Figure 18, each Node consists of a DUT, an RF 

attenuator board, a power measurement block and the telemetry controller. The fixture has the 

capability to measure the power consumption of the three entities that comprise the DUT (CPU, WiFi 

radio and WUSB radio module) whilst simultaneously running TCP/IP traffic across the network. For our 

demonstrator two Radio Access Technologies (RAT) will be used, namely WiFi and WUSB. 

 

 

Figure 18: C2Power Test Platform Architecture 

 

The measurements were performed in four test environments as follows: 

• 2 Node Wired - Cabled RF environment 

• 2 Node Wireless  (TMN Antenna) - RF Screened Room 

• 2 Node Wireless  (TMN Antenna) - Typical Office environment 

• 4 Node Cabled RF – ‘Coffee Shop’ Scenario 
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3.2 Integration of the TMN Antenna 

The C2POWER nodes incorporate both a 2.4GHz WiFi module and a WiMedia compliant UWB (3.1GHz-

7.9GHz) radio module. These radios aim to be representative of short and long range radios found in 

most modern handsets. To determine the suitability of the TMN Antenna for integration into the C2P 

Node, a number of parameters needed to be considered and discussed in cooperation with WP4 

partners. The selection criteria are presented below. 

The TMN module has been integrated on the 2-Node wireless test Bed and operates under the control 

of the DUT. The two node scenario was run firstly in a wired environment and the results logged and 

graphed and then repeated wirelessly with the TMN in place and the results compared.  

TMN Operating Band: 

The TMN was designed to meet the WiMAX standard requirement with an actual (measured) upper limit 

of about 3690 MHz. The lowest UWB band is just within this limit. Since the UWB radio modules used 

for the scenarios in D5.3 [6] operated on WiMediaBandgroup3 (6336MHz – 7920MHz), which is well 

above the operating range of the TMN-Antenna, the UWB modules were re-configured to restrict them 

to operating in BG1, TFC5 (3168MHz – 3696MHz). 

Radio Selection Switch:  

In order for the TMN-Antenna module developed in WP4 to correctly re-tune itself to be compatible 

with the currently selected radio, it must be provided with a signal indicating which radio has been 

selected for data transmission. Additional firmware was developed to control two GPIO lines from the 

DUT connected to the RF switch on the Antenna board and coordinate the switchover with the selected 

C2POWER radio.   

Board Mounts and RF connections 

The TMN Antennas are mounted on top of the C2P Nodes. They are horizontally polarised on the 

intermediate node and vertically polarised on the Originator Node. Vertical polarisation for the 

Originator Node gave the best performance/range for the UWB radio and didn’t adversely impact the 

WiFi performance. The TMN DSP board has been mounted above the TC close to the Antenna board to 

ensure the routing of the RF connections is kept short. 

DC Supply for TMN DSP Board 

The boards are powered from the +5V supply on the DUT. A set of power measurements was taken with 

just the Antenna board and then after fitting the DSP board in order to verify the additional power 

consumption of the DSP board. 

Power Handling Capacity: 

The output power of the WiFi module is about +17dBm(max) and the power of the UWB radio is around 

-14dBm. This falls well within the capability of the TMN-antenna board, which is designed to handle 1 

Watt of input power. 
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3.3 Wireless and Wired Test Scenarios 

3.3.1 Configuration for 2Node Wireless Demo 

The test-bed configuration shown in Figure 19 comprises the C2Power short range test platform used 

for the TMN Wireless Antenna integration. The two Nodes in this configuration are referred to as 

‘Originator’ and ‘Intermediate’.  

The test scenario (a representation of which is shown in Figure 21) involves a data transfer of 200MByte 

from the TFC (acting as server) to the Originator Node, over a TCP connection. The power consumption 

(derived from separate I and V measurements) of the CPU, WUSB and WiFi radio modules on each node 

is measured, displayed and recorded whilst the Originator Node is performing the data transfer across 

the network from the AP. 

The measurements are undertaken using two scenarios, these being: 

• DIRECT – where the data is transferred from the Originator to the AP using just the WiFi Radio 

• RELAY – where the data is transferred via the Intermediate Node using the WUSB Radio 

between the Nodes and then from the Intermediate Node to the AP using the WiFi radio. 

The wired attenuators for the WUSB radio on the TC are bypassed in this configuration, as the data 

transmissions take place over-the-air and will be attenuated by normal propagation in the office space. 

It should be considered that the WUSB radio has a max range of about 10m. Since WiFi has a far greater 

range than the confines of a small office (tens of metres in an indoor environment) a fixed amount of 

attenuation (attenuators on the TC) is required to simulate the AP being near to the edge of range. The 

TFC is configured to act as a data traffic server, as well as providing a conduct for the separate wired 

uPnP command and control messages used to interrogate the Nodes. 

A Netgear dual band (2.4/5GHz) 802.11a/b/g Access Point was purchased off the shelf to create a typical 

real world WiFi infrastructure, configured for 802.11g (OFDM) operation in the 2.4GHz band. This 

standard is a commonly used standard and provides an on-air maximum physical layer bit rate of 54 

Mbit/s or about 23Mbit/s max useable TCP throughput. The AP and Nodes have been configured with 

static IP addresses for convenient test automation. 

A WUSB Analyser is used to monitor the on-Air UWB traffic and to verify that in the case of the ‘RELAY’ 

scenario, that traffic is being routed over the UWB radio via the Intermediate Node. 
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Figure 19: Configuration for 2Node Wireless Short-Range Test Platform – TMN Antenna 
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3.3.2 Configuration for 2-Node Wired Scenario 

Figure 20 shows the test-bed configuration for the 2-Node Wired test platform delivered as part of D5.3 

[6], which uses the on-board attenuators on the TC to change the effective range between the nodes 

and AP. The attenuators on the TC are configured to recreate (from the RF perspective of each Node) 

the relative positioning of the nodes, along the lines of the Coffee-Shop scenario shown in Figure 21. 

These can be controlled using Linux shell scripts on each TC and from the TFC using the uPnP protocol.  

 

The DUT power consumption is measured and recorded on the Originator and Intermediate Nodes 

whilst the nodes are transferring data from the AP. The RF cabling and splitters provide a closed RF radio 

environment that allows the test scenario to operate in a repeatable and consistent manner free from 

outside interference. 

 

 

 

Figure 20: Configuration for 2Node Wired Short-Range Test Platform - Cabled RF 

environment 
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Figure 21 shows the logical ‘Real World’ representation of the Nodes and AP for the 2-Node Wireless 

scenario. 
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Figure 21: Actual Scenario for 2-Node Wired and Wireless Demo 
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3.3.3 2-Node Wireless Configuration – Site Survey 

Prior to running the wireless tests, an initial site survey was undertaken in order to assess the radio 

environment. In a typical office or retail environment the RF spectrum around the 2.4GHz band used for 

801.11b/g is crowded with transmissions from other access points which may affect the data 

throughput and make consistent results difficult to achieve.  

Figure 22 illustrates how IEEE Standard 802.11 divides the allocated frequency band into channels. For 

example the 2.4000–2.4835 GHz band is divided into 13 channels spaced 5 MHz apart, with channel 1 

centred on 2.412 GHz and 13 on 2.472 GHz. Consequently there are only three non-overlapping 

channels. Even now, many devices are shipped with channels 1, 6 and 11 as preset options although 

with the newer 802.11g standard there are four non-overlapping channels - 1, 5, 9 and 13. There are 

now four because the OFDM modulated 802.11g channels are 20 MHz wide. 

 

 

Figure 22: 2.4GHz WiFi Channel Allocation 

Using a WiFi analyser, a scan of the on-air frequency spectrum in the office environment was recorded, 

and is shown in Figure 23. Based on these results, it was deemed necessary to construct two physical 

arrangements for the wireless measurement runs, as described in the next section. 

 

 

Figure 23: 2.4Ghz On-Air WiFi Spectrum at Veebeam office 
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3.3.4 2-Node Wireless Configuration – Test Environments 

Veebeam has an on-site ‘Screened Room’ that was utilised to perform initial evaluation of the Wireless 

test-bed and TMN Antenna and enabled the measurement logging capabilities to be developed in a 

consistent radio environment in the absence of outside interference. A number of test runs of the Direct 

and Relay scenarios were conducted to determine the repeatability of the results and ensure that the 

power consumption figures and TCP throughput was consistent across a number of test runs. 

In order to integrate the TMN antenna into the 2-Node Test Bed, the integral PCB antenna on the WiFi 

radio module was disconnected. The RF output of the radio module was then connected via a short UFL-

terminated RF coaxial cable to the TMN antenna. This setup was also used to select the most 

appropriate from several possible power saving modes for the WiFi radio on the DUT.  

The picture in Figure 24 shows the inside of the Veebeam Screened Room (3m x 2m) which was used to 

carry out the initial investigations. The nodes are placed 1m apart, with the AP placed on top of a 

turntable. The TFC and node monitor can be seen in the centre of the picture. The Direct and Relay 

traffic scenarios are run and the energy consumption of each node monitored for different power saving 

modes of the WiFi radio to determine the most effective configuration. 

 

 

Figure 24: RF Screened chamber for 2 Node Wireless Short-Range Test Platform 

The second phase of the wireless testing was undertaken in an open area of the Veebeam office, a plan 

of which is shown in Figure 25. The Originator and Intermediate Nodes are initially placed close to the 

AP. The Originator Node is mounted on a wheeled table to allow the range to be varied. The Nodes and 

support equipment are configured and powered up and the logging and traffic generator services 

started.  

The measurements are then recorded at a fixed number of data points - 1m intervals moving out from 

the AP up to a distance of 8m which was limited by the available office space.  
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Figure 25: 2-Node Wireless Short-Range Test Platform – Office Plan 

 
 

3.4 Radio Module Configuration 

3.4.1 WiFi Radio Power Modes 

The WiFi radio module selected for the C2P nodes is a COTS dual band Ralink 802.11 WiFi Dongle. This is 

plugged into one of the USB ports on the DUT and can be configured for 2.4GHz or 5GHz operation. The 

radio will be configured for the 2.4GHz band as this is the most widely used and lies within the 

frequency range of the TMN Antenna.  

The WiFi radio module can be configured in one of three modes that directly affect the power 

consumption. In order to determine and select the most optimal power saving mode, some 

investigations were undertaken in the RF screened room before any of the formal test runs.  

1. Constant Awake Mode (CAM) is the normal mode for desktop machines, where power 

consumption is not an issue. It keeps the radio powered up continuously. 

2. Power Save Mode (MAX_PSP) is recommended for devices where power consumption is a 

major concern, such as small battery powered devices. Power Save Mode causes the Access 

Point to buffer incoming messages. The Wireless Adapter must wake up periodically and poll 
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the Access Point to see if there are any messages waiting. This has a big negative impact on 

throughput. 

3. Fast Power Save Mode (Fast_PSP) switches between PSP and CAM based on network traffic. 

When retrieving a high number of packets, Fast PSP Mode will switch to CAM to retrieve the 

packets. Once the packets are retrieved, it switches back to PSP mode. This has a small impact 

on throughput, around a 20% reduction. 

Based on the testing in the screened chamber, the WiFi driver configures the WiFi radio for FAST_PSP 

Mode, as this gives the best combination of high throughput and low power consumption. A summary 

of the measured power consumption figures for the WiFi Radio for each power mode is shown in Table 

5.  

 

Table 5: WiFi Throughput for various power-saving modes 

WiFi Radio Power Summary –  Chamber Tests 

WiFi Radio 

Mode 

Idle Power 

(mW) 

Av Radio 

Power 

(mW) 

Active 

Power 

(mW) 

Av TCP/IP 

Throughput 

Mbits/s 

Peak 

TCP/IP 

Throughput 

Mbits/s 

Duration 

to transmit 

200MBytes 

CAM 620 857 760 – 1220 14.50 18.70 116s 

FAST_PSP 134 – 600 727 900 – 1220 14.20 18.50 118s 

MAX_PSP 134 - 550 950 900 – 1220 1.87 5.70 898s 

 

3.4.2 Configuration for 4-Node Wired Scenario 

Figure 26 shows the test-bed configuration of the 4-Node Wired test platform that uses the on-board 

attenuators on the TC to change the effective range between the nodes and AP. These can be controlled 

using Linux shell scripts on each TC and from the TFC using the uPnP protocol to change the relative 

position and movement of the nodes. This is an evolution of the two node wired system delivered as 

part of D5.3 [6], to incorporate two additional nodes. The RF cabling and splitters provide a closed RF 

radio environment that allows the test scenario to operate in a repeatable and consistent manner free 

from outside interference.  

 

The attenuators on the TC are configured to recreate (from the RF perspective of each Node) the 

relative positioning of the nodes, along the lines of the Coffee-Shop scenario shown in Figure 26 and 

Figure 27. The DUT power consumption is measured and recorded on the Originator and Intermediate 

Nodes whilst performing the traffic tests in a similar manner to that done for the 2-Node tests. 
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Figure 26: Configuration for 4-Node ‘Coffee Shop scenario’ - Schematic representation 

 

Figure 27 shows the physical equivalent configuration for the ‘Coffee Shop’ scenario. There are two 

Intermediate Nodes and two Originator Nodes. This scenario simulates a handset transmitting data and 

increasing its range from the wireless AP whilst its energy consumption and that of its neighbours is 

measured.   

This configuration is based on the simple 2-node wired configuration, but expanded to four nodes to 

simulate the ‘Cluster Head’ scenario. The RELAY path in this instance consists of a head node 

(Intermediate #1) connected to the AP via standard ‘Infrastructure’ mode and a second node 

(Intermediate #2) connected to this via Ad-hoc mode used to extend the distance and allow a greater 

throughput in the RELAY path. Originator Node #4 (the main node of interest) is connected to 

Intermediate Node #2 using its short range WUSB radio. The second Originator Node #3 is also 

connected to Intermediate #2, but just performs a passive IDLE function in this scenario. 

Originator Node #4 initiates its data transfer from the TFC (acting as a server) using its WiFi radio (Direct 

Scenario), whilst the RF path attenuation is increased to simulate the Originator Node being moved 

away from the WiFi AP. The traffic throughput and power consumption are logged throughout the time 

of the data transfer. Once the node has moved to its farthest point (signified by a low traffic rate) a 

decision is made to route the data via the two Intermediate Nodes using the WUSB radio on the 

Originator Node #4. 
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Figure 27: Coffee Shop Scenario for 4-Node - Physical Equivalent 
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Figure 28 shows the network configuration for the ‘Coffee Shop’ scenario. This information is used to 

configure the IP address of each Node and the TFC.  This information is used by each node and the TFC 

so that they can update their traffic routing tables for the DIRECT or RELAY scenarios. 

 

 

Figure 28: Coffee Shop Scenario for 4-Node – IP Routing Information 
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3.5 Test System Software and Firmware 

3.5.1 Test Fixture Controllers 

The Test Fixture Controller (TFC) is a Linux PC responsible for the control and management of the C2P 

Nodes and the acquisition and storage of performance data and measurements as well as the control of 

the programmable attenuators which modify the relative separation of the nodes in the wired radio 

environment. These functions are automated by a scripting engine and results are preserved in a data 

store. The TFC also provides the network traffic generator (iperf), and supports the uPnP service to each 

of the nodes to allow remote control. 

 

Each setup requires three laptops assigned to the C2Power test platforms and configured as follows: 

• The Test Fixture Controller (TFC) is configured with a standard Ubuntu Linux distribution. 

• A Windows XP Laptop assigned to control the WUSB analyser 

• A Windows XP Laptop connected to the console ports of the DUTs and TC. 

 

3.5.2 Telemetry Controller Firmware 

Each node includes a Telemetry Controller (TC), which delivers power consumption measurements to 

the TFC under script control for display and analysis. All measurements are stamped with an acquisition 

time synchronised across the test bed. 

The Telemetry Controller (TC) provides an interface to the Attenuator Board in order to facilitate control 

of the two RF attenuator blocks (WiFi and WUSB) and support reading measurements from the ADCs of 

the power measurement block which measures the various DUT currents and voltages. 

The TC is based on an embedded Linux board featuring a 32-bit ARM9 microcontroller, 64MB RAM, and 

512MB NAND flash, Ethernet and USB ports and a serial port. It includes a custom-built kernel, and 

drivers developed by Veebeam as follows: 

• SPI ADC driver to read the current and voltage measurement block on the Attenuator Board 

• Attenuator control Interface Module to set/read the attenuator values 

• C2Power uPnP entity 

• Telemetry Controller GPIO control 

 

3.5.3 DUT Firmware 

The DUT has an architecture broadly similar to that of a modern mobile handset. It consists of a 32-bit 

400MHz RISC CPU running embedded Linux with associated UWB and WiFi radio modules and an 

external flash file system in a USB thumb drive for convenient updating. 

There are two variants of the UWB radio module, one for the Originator (DEVICE) and one for the 

Intermediate Node (HOST). The two modules are ‘paired’ so that when the radios are connected to each 

other, they form a UWB Beacon group. The UWB radio firmware has been modified to re-configure the 

RF band to the operating range of the TMN antenna. 

• CPU Flash memory loaded with a custom C2Power ST-Linux build. 

• UWB PCIe form-factor Mini-Card – configured with BG3-TFC1 firmware  (Wired scenario) 

• UWB PCIe form-factor Mini-Card – configured with BG1-TFC5 firmware (Wireless scenario) 
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3.5.4 Application Software Layers 

A logical representation of the software layers that make up the Telemetry Controller and DUT and how 

they are interconnected is shown in Figure 29 and Figure 30. 

 

 

Figure 29: DUT Software Architecture 

 

Figure 30. TC Software Architecture 
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3.6 Runtime Scripts and Data Logging 

The following section describes the automation scripts used to control the radio path 

attenuation, power logging and uPnP services.   

 

• TFC Runtime scripts - configure the IP routing information for either the ‘Direct’ or ‘Relay’ 

scenario and initiate the TCP/IP iperf server. 

• Telemetry Controller Runtime scripts - start the measurement run, for the direct and relay 

scenarios. 

• DUT Runtime scripts - configure the IP routing tables for either the direct or relay path and 

start the iperf client to begin the file transfer.  

 

The test automation scripts perform the following functions: 

• Every second, take an I/V reading from each ADC (WIFI_RADIO, WUSB_RADIO, CPU) 

• Re-scale and process each reading from ADC to obtain real current / voltage values 

• Calculate power for each I, V pair 

• Tabulate timestamps, attenuator values and power readings to screen and log files 

• Increment the RF attenuation to simulate a node moving after each reading  (wired setup only) 

 

Each C2P Node hosts a proprietary set of uPnP services: 

• Logging control and retrieval of logged data 

• Radio environment control 

• Network traffic generator control 

 

3.7 C2P Node Network Configuration 

The TFC features two network interfaces (100M Ethernet ports) one for platform control and another 

for wireless traffic which have to be configured to correctly route the traffic in the ‘Direct’ and ‘Relay’ 

cases. 

• 192.168.10.x used to carry the uPnP command and control traffic to the TC and DUT via 

Ethernet to each Nodes 

• 192.168.1.x which connects directly to the Wireless AP used to carry the IP traffic 

 

The Ethernet ports on the DUT and the radio modules are each assigned fixed IP addresses within the 

192.168.10.x subnet on both the ‘Originator’ and ‘Intermediate’ Nodes for ease of test automation. 
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3.8 System Initialisation and Measurement Procedure 

This section describes how the Nodes are initialised and the procedure for the formal measurements. 

 

System Level Initialisation 

1. The system is set up for 2-Node Wireless or 4-Node Wired scenario as in Figure 19 and Figure 

26. 

2. Nodes, TFC, Terminals, network switches and WiFi AP are powered up and booted. 

3. Time is synchronised across the TCs and DUTs to ensure that scripts and logging services use 

the correct timestamps. 

4. Start WUSB Explorer and set to monitor the ‘on-air’ or ‘on-cable’ UWB traffic. 

 

Telemetry Controller and DUT Initialisation and Test Run 

1. Routing tables are configured on the DUTs for either the DIRECT or RELAY scenario 

2. Power measurement ADCs are initialised and the initial attenuation is set for each node in the 

wired case or the nodes are placed at their start locations in the wireless case. 

3. DUT selects the TMN radio input in the case of the wireless TMN configuration 

4. Power logging services on the TCs are started. 

5. Originator DUT starts traffic generator client to begin the 200MByte data transfer from the TFC 

via the AP. 

6. Measurement continues for a fixed duration of 300secs (5 minutes). This is long enough to 

allow the file transfer to complete for all test cases and makes comparison straightforward. The 

file transfer will always complete in < 300sec regardless of the range and consequent traffic 

throughput. 

7. Logging services complete and the data is offloaded for analysis.  

 

3.9 Radio Environment and Measurement Constraints 

 

This section describes the practical constraints and limitations encountered during measurement runs. 

1. The accuracy of the current and voltage measurement block is 2% max, limited by resistor 

tolerances and the resolution of the ADC in the power measurement block. 

2. To allow the wireless scenario to be run in a restricted area of an office environment  

a standard WiFi AP was used, but the distances between AP and Originator Nodes is limited to 

8m. 

3. Since the wireless AP has a range of tens of metres the limited space of the office  

a fixed amount of attenuators to reduce the signal strength by 15dB. 

4. To allow the scenarios to be measured in the limited space of the screened chamber, the 

internal antennas of the WiFi Access Point (AP) were disconnected to allow the insertion of 

fixed attenuators to reduce the signal strength by 15dB. 

5. Each radio module is not identical due to batch and manufacturing tolerance. There will be 

some variance in Tx Power and Rx sensitivity and RF cable losses which may result in some 

performance differences between Nodes. 
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3.10 Measurements and Results 

3.10.1 Measurement Capture 

As mentioned in section 3.4, the test scenarios are standardised on a data transfer of 200MBytefrom the 

TFC to the Originator Node. The power consumption (I and V) of the CPU, WUSB and WiFi radio modules 

on each node is measured for a fixed duration of 300secs, which was determined to be long enough to 

allow the file transfer to complete for all test cases. 

The Telemetry Controller generates a set of time-stamped log files of the measured power consumption 

(W, I, V) of the CPU, WiFi and WUSB radio modules in each DUT, plus an aggregate of the three (RCVR).  

Four files are generated in total, two for the Originator Node and two for the Intermediate Node, 

grouped into sets – one for the DIRECT scenario and one for the RELAY scenario.  

The Originator DUT generates a tabularised log of data throughput, time-stamped at 1 second intervals.  

3.10.2 Processing and Graphing Results 

Power logs from each test run are consolidated and additional values are calculated for the total energy 

consumption in Watts-seconds (or Joules) for the DUT (RCVR, CPU, WiFi and WUSB radio modules). The 

energy consumption of the DUT is calculated over two time periods: 

• The total energy consumed for the fixed duration of the test (300secs) 

• The total energy consumed  for the duration of the 200M file transfer 

The energy consumption is plotted and the total energy calculated by summing the area under the curve 

using the Trapezoidal Rule approximation method. 

 
 

3.10.3 2-Node Wireless Configuration – RF Screened Room 

This section describes and presents the results of the test conducted in the screened chamber using the 

2-Node test bed configured with the TMN Antenna. The measurements on the radio module were used 

to select the most effective mode of operation for the WiFi radio as described above in preparation for 

the open office testing.   

The test involves transmitting a 200MByte file for 200secs and measuring the power consumption. 

A summary of the power saving modes discussed in section 3.4 is shown here for convenience: 

• Constant Awake Mode (CAM) - Keeps the radio powered up continuously. 

• Fast Power Save Mode (Fast_PSP) switches between PSP and CAM based on network traffic.  

• Power Save Mode (MAX_PSP)- The Wireless Adapter must wake up periodically. 
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Figure 31 and Figure 32 compare the power of the radios in the DIRECT scenario for CAM and FAST_PSP. 

The IDLE power of the WiFi radio (BLUE graph) in the CAM mode is 620mW. The active power when 

transmitting is roughly the same between CAM and FAST_PSP mode at 1000mW average; however, the 

IDLE power of the WiFi radio (BLUE graph) in the FAST_PSP mode is only 135mW, waking up periodically 

to 620mW. The file transfer time is about the same at around 118secs. 

 

 

Figure 31: 2-Node Wireless - WiFi Power Consumption (CAM Mode) 

 

 

Figure 32: 2-Node Wireless - WiFi Power Consumption (Fast_PSP Mode) 

 

When the WiFi radio is operating in CAM mode, as shown in Figure 33, the sending of the file takes a 

very long time to complete; 900secs as opposed to the 118secs for the other two modes. It can be seen 

that the radio is being switched off frequently, which is a poor trade-off between power and 
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throughput. Hence fast Power Save Mode (Fast_PSP) was selected as a practical compromise for the 

wireless testing.  

 

 

Figure 33: 2-Node Wireless - WiFi Power Consumption (Max_PSP Mode) 

 

Figure 34 and Figure 35 show the power measurements for the DIRECT and RELAY scenarios taken in the 

RF screened room, with the TMN Antenna attached to the Nodes. The Originator Node is 2m from the 

AP and the Intermediate Node is 1m from the AP. 

 

 

Figure 34: 2-Node Wireless - Screened Room Power Consumption (Direct) 
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Figure 35:  2-Node Wireless - Screened Room Power Consumption (Relay) 

 

3.10.4 2-Node Wireless Configuration – Typical Office Scenario 

This section describes and presents the results of the tests conducted on the 2-Node wireless test rig  

described in section 3.3.1 (Figure 19) using the TMN Antenna in an open office environment for both the 

DIRECT and RELAY scenarios at various ranges from the AP. It integrates hardware and software from 

WP4 and WP5 into a wireless test bed which successfully demonstrates power saving while transmitting 

data over both WiFi and WUSB radios. 

 

A complete set of plots of the generated results showing the power consumption against time is 

available in the full data set. Due to the limited range of the office, a fixed amount of attenuation was 

included to simulate an effective range of 20m from the AP so that the WiFi radio starts to rate adapt 

There is one set of graphs for each distance from the AP (1m – 8m) with the Intermediate Node placed 

1m from the AP. 

 

The energy consumption figures of the Originator and Intermediate Nodes for each distance from the AP 

were summarised for both the DIRECT and RELAY scenarios, the results of which are shown in the 

following tables and graphs. 

• Considering the measurement accuracy of 2%, we can conclude that from the perspective of 

the Originator Node, there is a definite energy saving to be made by routing via an 

Intermediate Node; 

• The energy saving is more apparent when measured over just the duration of the file transfer 

(200MByte) data transfer; 

• The effects of multi-path distortion of an RF signal in an open office environment can cause 

areas of good and bad reception and probably account for the hump in the results curve at 4m. 
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Table 6 and Figure 36 show the energy consumption and the energy saved from the perspective of the 

Originator Node, for both the DIRECT and RELAY scenarios over the fixed time period (300seconds). 

There is a reasonable energy saving achieved, varying from 3% to 14% over distance. 

Table 6. 2-Node Wireless Energy Consumption (Originator) - Fixed Duration 

 2-Node Wireless TMN - Office Environment 

Energy Consumption (Originator Node) - Fixed Duration = 300s 

  Direct Scenario  Relay Scenario Energy Saved  Energy Saved 

Range (m) Energy (J)  Energy (J) (J) (%) 

        

1 1650.24  1599.92 50.32 3.05% 

2 1699.57  1622.36 77.21 4.54% 

3 1755.37  1623.68 131.70 7.50% 

4 1902.25  1639.24 263.01 13.83% 

5 1794.38  1629.58 164.80 9.18% 

6 1872.61  1655.89 216.72 11.57% 

7 1901.58  1667.63 233.95 12.30% 

8 1929.37  1659.83 269.54 13.97% 

 

 

Figure 36: 2-Node Wireless Energy Consumption (Originator) - Fixed Duration 
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Table 7 and Figure 37 show the energy consumption and the energy saved with respect to the Originator 

Node for both the DIRECT and RELAY scenarios over the duration of the 200MByte file transfer. The 

energy saving is much more pronounced when considered for just the duration of the file transfer. 

Energy savings ranging from 14% up to 68% can be observed. 

Table 7. 2-Node Wireless Energy Consumption (Originator) - 200MByte File Transfer 

2-Node Wireless TMN - Office Environment 

Energy Consumption (Originator Node) - 200MByte File Transfer 

  Direct Scenario  Relay Scenario Energy Saved Energy Saved 

Range (m) Energy (J)  (J) (J) (%) 

        

1 587.93  505.87 82.07 13.96% 

2 916.18  568.79 347.39 37.92% 

3 1134.23  603.25 530.98 46.81% 

4 1826.25  828.95 997.29 54.61% 

5 1158.15  556.11 602.04 51.98% 

6 1671.08  812.13 858.95 51.40% 

7 1825.35  982.61 842.74 46.17% 

8 1929.37   605.06 1324.31 68.64% 

 

Figure 37: 2-Node Wireless Energy Consumption(Originator) - 200MB File Transfer 
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The following graph in Figure 38 shows a comparison of the percentage energy saved from the 

perspective of the Originator Node over the fixed time period and the duration of the 200MByte file 

transfer. There is only a small saving over the fixed duration, but a substantial saving considering just the 

duration of the file transfer, due to the higher data rate using the RELAY path. 

 

 

Figure 38: 2-Node Wireless Energy saving comparison (Originator) -Fixed Time vs. 200MB 

 

Table 8 and Figure 39 show the total radio energy (WiFi and WUSB) of the Originator Node consumed by 

the DUT over the duration of the test measurement period of 300secs. Clearly transmitting via the 

RELAY path offers a distinct advantage as it utilises the faster WUSB radio which is more power efficient. 

The amount of energy saved is shown in the green trace. 
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Table 8. 2-Node Wireless Total Radio Energy (Originator)vs. Range - Fixed Duration 

2-Node Wireless TMN - Office Environment  

Total Radio Energy (Originator Node) - Fixed Duration = 300s 

  Direct Scenario   Relay Scenario 

Energy 

Saving 

Energy 

Saving 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 306.57  253.61 52.96 17.28% 

2 336.33  276.35 59.97 17.83% 

3 404.57  280.05 124.52 30.78% 

4 516.95  288.71 228.24 44.15% 

5 424.61  283.61 141.00 33.21% 

6 495.44  305.15 190.29 38.41% 

7 518.53  302.42 216.10 41.68% 

8 541.53  297.15 244.38 45.13% 

            

 

 

Figure 39: 2-Node Wireless Total Radio Energy (Originator) vs. Range - Fixed Duration 
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The total radio energy (WiFi and WUSB) of the Originator Node consumed by the DUT for the duration 

of the 200Mbytes file transfer is shown in Table 9 and Figure 40. Viewed from this perspective 

transmitting via the RELAY path offers a distinct advantage and even greater saving which increases with 

distance from the AP. Energy savings up 75% can be achieved.  

Table 9. 2-Node Wireless Total Radio Energy  (Originator) - 200M File Transfer 

2-Node Wireless TMN - Office Environment  

Total Radio Energy (Originator Node) -  200M File Transfer 

  Direct Scenario   Relay Scenario 

Energy 

Saving 

Energy 

Saving 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 141.76  97.29 44.47 31.37% 

2 219.88  112.57 107.30 48.80% 

3 302.86  122.02 180.85 59.71% 

4 502.95  164.38 338.57 67.32% 

5 314.73  122.13 192.60 61.20% 

6 460.60  173.87 286.73 62.25% 

7 504.13  191.83 312.30 61.95% 

8 541.53  130.45 411.08 75.91% 

            

 

Figure 40: 2-Node Wireless Total Radio Energy (Originator)vs. Range - 200MB File Transfer 

2-Node Wireless - Office Environment

Total Radio Energy (Originator Node) - 200MB File Transfer

0.00

100.00

200.00

300.00

400.00

500.00

600.00

0 1 2 3 4 5 6 7 8 9

Distance (m)

E
n
e
rg
y
 (
J
)

Direct

Relay

Energy Saved



C2POWER  D7.3 v3.0 

Dissemination level PU – Public    Page 61 (115) 

Table 10 and Figure 41 show the total energy consumption (summation) of both the Originator and 

Intermediate Nodes for the fixed duration of the measurement. From this perspective there is only a 

very small energy saving at maximum range, as the Intermediate Node will consume more energy 

relaying the data from the Originator. This will vary depending on the propagation conditions, building 

environment and any interference impacting throughput. 

Table 10. 2-Node Wireless Energy Consumption (Originator+ Intermediate)  

- Fixed Duration 

2-Node Wireless TMN - Office Environment  

Energy Consumption (Originator + Intermediate) - Fixed Duration = 300s 

  Direct Scenario  Relay Scenario 

Energy 

Saved Energy Saved 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 3172.00  3218.09 -46.09 -1.45% 

2 3227.77  3266.19 -38.41 -1.19% 

3 3268.79  3272.43 -3.64 -0.11% 

4 3413.97  3348.53 65.45 1.92% 

5 3295.53  3264.10 31.44 0.95% 

6 3378.84  3365.43 13.40 0.40% 

7 3413.28  3399.63 13.66 0.40% 

8 3448.62  3329.57 119.06 3.45% 

            

 

Figure 41: 2-Node Wireless Energy Consumption(Originator + Intermediate) - Fixed Duration 
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Table 11 and Figure 42 show the total energy consumption (summation) of both the Originator and 

Intermediate Nodes for the duration of the file transfer. From this perspective there is an overall 

advantage to using the RELAY path due to the faster throughput of this link. This will depend however 

on the propagation conditions, building environment and any interference impacting throughput. The 

energy savings considering the whole system can reach up to 63%. 

 

Table 11. 2-Node Wireless Energy Consumption(Originator+ Intermediate) –200MB Transfer 

 2 Node Wireless TMN - Office Environment 

Energy Consumption (Originator + Intermediate) - 200MB Transfer 

  Direct Scenario  Relay Scenario Energy Saved Energy Saved 

Range (m) Energy (J)  Energy (J) (J) (%) 

        

1 1142.82  1088.23 54.60 4.78% 

2 1689.75  1192.94 496.82 29.40% 

3 2036.66  1262.22 774.44 38.02% 

4 3062.00  1774.84 1287.16 42.04% 

5 2084.64  1189.31 895.33 42.95% 

6 2990.17  1723.61 1266.55 42.95% 

7 3264.73  2079.39 1185.34 36.31% 

8 3448.62  1270.82 2177.80 63.15% 

 

Figure 42: 2-Node Wireless Energy Consumption(Originator + Intermediate) –200MB Transfer 
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As an illustration, the power measurements of the Originator Node at a range of 6m from the AP are 

plotted in Figure 43 and Figure 44. They show the time-stamped log of the power (mW) for each 

component of the DUT (CPU & individual radios). This clearly demonstrates that from the perspective of 

the Originator when the WiFi path becomes inefficient, routing the data via the Intermediate Node 

using the faster UWB radio saves energy, as its radio is transmitting for less time. The graphs for the 

other ranges are available in the full data set. 

 

 

Figure 43: 2-Node Wireless Power Consumption (Originator) at 6m (DIRECT) 

 

 

Figure 44: 2-Node Wireless Power Consumption (Originator) at 6m (RELAY) 
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3.10.5 2-Node Wired Configuration – Cabled RF Environment 

This section describes and presents the results of the tests conducted on the 2-Node wired test 

described in section 3.3.1 (refer to Figure 20) using the cabled RF environment for both the DIRECT and 

RELAY scenarios at various emulated ranges from the AP and between nodes.  

The energy consumption figures of the Originator and Intermediate Nodes for each distance from the AP 

were summarised for both the DIRECT and RELAY scenarios.  

• Similar power savings were achieved on the Cabled Environment to that of the open office 

‘Wireless’ environment; 

• The wired environment facilitates testing over a greater ‘range’ than the confines of an office 

environment; 

• The energy saving is more apparent when measured over just the duration of the 200MByte 

data transfer.  

An attenuation mapping table was developed based on a free space loss model, but adjusted to provide 

a similar traffic throughput to the indoor office environment. This takes into account the Tx Power, the 

Rx sensitivity of the radios and the losses in the attenuator paths and cabling environment. The aim was 

to determine if the cabled RF environment provided a representative model of the wireless 

environment. 

The available link budget (as shown below) based on Transmit power and Receiver sensitivity of the 

radios determines the maximum effective range. 

2.4GHz WiFi Link Budget  

Tx Power (dBm) @ 6, 9Mbps = +17.0 

Rx Sensitivity (dBm) @6, 9Mbps   82.0 

Link Budget (dB)    99.0 

 

WUSB BG1 Link Budget  

Tx Power (dBm) = -14.0 

Rx Sensitivity (dBm) @53M   81.0 

Link Budget (dB)    67.0 

The two-node Cabled environment using the above mapping table, gave similar results to those 

observed with a wireless configuration in a typical open office. From the fixed time duration perspective, 

the saving for the DUT varied from 2% at 1m to 7% at 10m. Whereas when we restrict our view to the 

duration of the file transfer, the saving varied from 8% at 1m to 55% at 8m. Considering just the energy 

consumed by the radios, from the fixed time duration perspective the saving varied from 8% at 1m to 

26% at 10m. Whereas when we restrict our view to the duration of the file transfer, the saving varied 

from 13% at 1m to 60% at 10m. 
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A comparison of the measured WiFi throughput for the ‘Wireless’ and ‘Cabled’ environments against 

distance between nodes is shown in Figure 45 and Figure 46. The TCP/IP performance is similar. The 

maximum throughput is greater in the cabled environment due to the absence of interferers in adjacent 

parts of the building.. 

 

 

 

Figure 45: TCP/IP throughput Vs range for WiFi Radio – Wireless environment 

 

 

 

Figure 46: TCP/IP throughput Vs range for WiFi Radio – Cabled Environment 
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A comparison of the measured WUSB throughput for the ‘Wireless’ and ‘Cabled’ environments against 

distance between nodes is shown in Figure 47 and Figure 48. The variations in the throughput compared 

to the ‘Wireless’ environment was likely due to a combination of multi-path distortion and channel 

interference capping the throughput in the WiFi leg of the relay  through the ‘Intermediate’ Node when 

operating in a wireless configuration.  

 

 

Figure 47: TCP/IP throughput Vs range for WUSB Radio – Wireless environment 

 

 

Figure 48: TCP/IP throughput Vs range for WUSB Radio – Cabled Environment 
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The energy consumption figures of the Originator and Intermediate Nodes compared to the Wired 

Environment for each distance from the AP were summarised for both the DIRECT and RELAY scenarios.  

• We can conclude that from the perspective of the Originator Node, there is still a definite 

energy saving to be made by routing via an Intermediate Node; 

• The saving is not as great as for the wireless environment, as the WiFi throughput is faster due 

to the absent of other WiFi clients that share the same RF channel and thus reduce the 

available bandwidth; 

• The results of the testing over the cabled environment show similar power consumption figures 

to that of the wireless environment, although the power savings are more conservative. The 

shape of the graphs follow a similar trend, and as expected does not show the effect of 

multipath propagation at the mid range point.  

 

The following graphs and tables show the energy consumption and the energy saved with respect to the 

Originator and Intermediate Nodes for both the DIRECT and RELAY scenarios over the fixed time period 

(300seconds) and the duration of the 200MByte file transfer.   
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Table 12 and Figure 49 show the energy consumption and the energy saved from the perspective of the 

Originator Node, for both the DIRECT and RELAY scenarios over the fixed time period (300seconds).  

There is a moderate energy saving which is in a similar range to that of the Wireless Environment. 

Table 12. 2-Node Wired Energy Consumption (Originator) - Fixed Duration 

  
2-Node Wired - Cabled RF Environment 

Energy Consumption (Originator Node) - Fixed Duration = 300s 

  Direct Scenario  Relay Scenario 

Energy 

Saved  Energy Saved 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 1643.36  1610.85 32.51 1.98% 

2 1654.79  1619.23 35.56 2.15% 

3 1663.61  1601.13 62.48 3.76% 

4 1673.60  1617.64 55.96 3.34% 

5 1722.64  1624.85 97.79 5.68% 

6 1721.29  1620.54 100.74 5.85% 

7 1716.29  1618.86 97.43 5.68% 

8 1709.63  1646.37 63.27 3.70% 

9 1723.93  1644.73 79.19 4.59% 

10 1776.19  1647.20 128.99 7.26% 

 

Figure 49: 2-Node Wired Energy Consumption (Originator) - Fixed Duration 
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Table 13 and Figure 50 show the energy consumption and the energy saved in the ‘Cabled Environment’ 

with respect to the Originator Node for both the DIRECT and RELAY scenarios over the duration of the 

200MByte file transfer. The energy saving is much more pronounced when considered for just the 

duration of the file transfer and can reach up to 55%. 

 

Table 13. 2-Node Wired Energy Consumption(Originator) - 200MB File Transfer 

  
2-Node Wired - Cabled RF Environment 

Energy Consumption (Originator Node) - 200MByte File Transfer 

  Direct Scenario   Relay Scenario 

Energy 

Saved Energy Saved 

Range (m) Energy (J)  (J) (J) (%) 

1 461.68  421.03 40.64 8.80% 

2 575.90  424.70 151.21 26.26% 

3 584.22  421.78 162.44 27.80% 

4 617.49  430.56 186.93 30.27% 

5 942.40  424.81 517.59 54.92% 

6 965.76  436.58 529.19 54.79% 

7 994.65  425.46 569.19 57.22% 

8 1015.96  472.51 543.45 53.49% 

9 1063.83  562.00 501.83 47.17% 

10 1366.44  604.43 762.01 55.77% 

 

Figure 50: 2-Node Wired Energy Consumption (Originator) - 200MB File Transfer 
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Figure 51 shows a comparison of the percentage energy saved from the perspective of the Originator 

Node over the fixed time period and the duration of the 200MByte file transfer. There is a small saving 

when considering the fixed 300s duration, but a substantial saving considering just the duration of the 

file transfer, due to the higher data rate when using the RELAY path. 

 

 

Figure 51: 2-Node Wired Energy saving comparison (Originator) -Fixed Time vs. 200MB 
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Table 14 and Figure 52 show the total radio energy (WiFi and WUSB) of the Originator Node consumed 

by the DUT over the duration of the test measurement period of 300secs. Clearly transmitting via the 

RELAY path offers a distinct advantage as it utilises the faster WUSB radio which is more power efficient. 

Table 14. 2-Node Wired Total Radio Energy (Originator) - Fixed Duration 

2-Node Wired - Cabled RF Environment 

Total Radio Energy (Originator Node) - Fixed Duration = 300s 

  Direct Scenario   Relay Scenario 

Energy 

Saving Energy Saving 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 286.48  263.74 22.73 7.93% 

2 298.32  271.44 26.89 9.01% 

3 295.40  268.59 26.80 9.07% 

4 306.13  264.86 41.27 13.48% 

5 352.34  268.07 84.27 23.92% 

6 344.41  272.56 71.85 20.86% 

7 362.91  276.30 86.62 23.87% 

8 360.35  278.17 82.18 22.81% 

9 379.16  289.57 89.59 23.63% 

10 402.69  296.27 106.41 26.43% 

 

Figure 52: 2-Node Wired Node Total Radio Energy (Originator) vs. Range - Fixed Duration 
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The total radio energy (WiFi and WUSB) of the Originator Node consumed by the DUT for the duration 

of the 200Mbytes file transfer is shown in Table 15 and Figure 53. Viewed from this perspective 

transmitting via the RELAY path offers a distinct advantage and even greater saving (up to 60%) which 

increases with distance from the AP. 

Table 15. 2-Node Wired Total Radio Energy (Originator) –200M File Transfer 

2-Node Wired - Cabled RF Environment 

Total Radio Energy (Originator Node) - 200M File Transfer 

  Direct Scenario   Relay Scenario 

Energy 

Saving Energy Saving 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 106.49  91.96 14.53 13.64% 

2 136.04  85.96 50.07 36.81% 

3 141.49  85.40 56.08 39.64% 

4 149.07  88.26 60.81 40.79% 

5 238.59  100.88 137.71 57.72% 

6 240.60  88.67 151.94 63.15% 

7 251.80  95.40 156.40 62.11% 

8 258.49  103.44 155.06 59.99% 

9 270.43  125.99 144.44 53.41% 

10 342.65  137.45 205.20 59.89% 

 

Figure 53: 2-Node Wired Total Radio Energy (Originator) vs. Range - 200M File Transfer 
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Table 16 and Figure 54 show the total energy consumption (summation) of both the Originator and 

Intermediate Nodes for the fixed duration of the measurement.  

From this perspective there is practically no energy saving, as the Intermediate Node will consume more 

energy relaying the data from the Originator. This will vary depending on the propagation conditions, 

building environment and any interference impacting throughput. 

Table 16. 2-Node Wired Energy Consumption(Originator+ Intermediate) - Fixed Duration 

2-Node Wired - Cabled RF Environment 

Energy Consumption (Originator + Intermediate) - Fixed Duration = 300s 

  Direct 

Scenario 

 Relay Scenario Energy Saved Energy Saved 

Range (m) Energy (J)  Energy (J) (J) (%) 

1 3193.98  3236.87 -42.89 -1.34% 

2 3193.91  3249.24 -55.33 -1.73% 

3 3194.89  3227.79 -32.89 -1.03% 

4 3167.27  3220.87 -53.60 -1.69% 

5 3223.79  3205.89 17.91 0.56% 

6 3245.83  3226.63 19.20 0.59% 

7 3234.25  3235.75 -1.51 -0.05% 

8 3208.45  3267.37 -58.92 -1.84% 

9 3249.33  3283.29 -33.96 -1.05% 

10 3285.57  3290.13 -4.56 -0.14% 

 

Figure 54: 2-Node Wired Energy Consumption(Originator + Intermediate) - Fixed Duration 
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Table 17 and Figure 55 show the total energy consumption (summation) of both the Originator and 

Intermediate Nodes for the duration of the file transfer.  

From this perspective there is an overall advantage (50% energy savings) to using the RELAY path due 

to the faster throughput of this link. This will depend however on the propagation conditions, building 

environment and any interference impacting throughput. 

Table 17. 2- Node Wired Energy Consumption (Originator + Intermediate) – 200MB Transfer 

2-Node Wired - Cabled RF Environment 

Energy Consumption (Originator + Intermediate) - 200M File Transfer 

  Direct Scenario  Relay Scenario Energy Saved Energy Saved 

Range (m) Energy (J)  (J) (J) (%) 

1 858.19  896.11 -37.92 -4.42% 

2 1068.82  904.33 164.49 15.39% 

3 1067.23  885.41 181.82 17.04% 

4 1108.00  883.43 224.57 20.27% 

5 1715.53  861.06 854.47 49.81% 

6 1752.75  922.37 830.38 47.38% 

7 1830.68  893.92 936.76 51.17% 

8 1865.79  987.61 878.18 47.07% 

9 1945.45  1167.71 777.74 39.98% 

10 2485.31  1244.06 1241.25 49.94% 

 

Figure 55: 2-Node Wired Energy Consumption(Originator + Intermediate) –200MB Transfer 
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3.10.6 4-Node Wired Configuration – Coffee Shop Scenario 

This section describes and presents the results of the tests conducted on the 4-Node wired test for the 

test-bed configuration shown in Figure 26 for the DIRECT and RELAY scenarios and described in detail in 

section 3.4.2. This configuration is based on the simple 2-node wired configuration, but expanded to 

four nodes to simulate the ‘Cluster Head’ scenario shown in Figure 27.  

For this scenario, a different perspective will be used to present the data, that of effective range where 

a node may be physically close to another but suffer a low data rate due to interference, obstructed line 

of sight or other propagation issue. The power consumption is measured for 8 different TCP/IP 

throughput figures, from maximum to minimum over the attenuated cabled environment. This was 

achieved by increasing the WiFi attenuation between the Originator Node #4 and the AP (DIRECT path) 

or by increasing the WUSB attenuation between the Originator #4 and Intermediate Node #2 (RELAY 

path). The power consumption is measured at a number of TCP data rates, aligned to the discrete data 

rates of the WiFi and WUSB radios, as they rate adapt to the increasing attenuation.   

A cable mapping table based on the free space loss model but adjusted to provide a similar traffic 

throughput of an indoor office environment was used to estimate the path loss. This takes into account 

the Tx Power, the Rx sensitivity of the radios and the losses in the TC attenuator paths and cabling 

environment. A web base calculator [8] was used for this purpose.  

Table 18. Cable Mapping Model for 4-Node Wired Scenario (WiFi Radio) 

Originator Node Attenuation Mapping (Node to AP):  WiFi Radio  - 2400MHz 

Effective 

Range 

(m) 

Fixed Atten  

(dB) 

Insertion 

Loss (dB) 

Variable 

Atten 

(dB) 

Cabled 

Environment 

Atten (dB) 

Atten 

Setting 

(dB) 

Total Loss 

Originator 

(dB) 

             

  Intermediate Nodes #1, #2 Fixed at effective range of 40m 

from AP:  

   

5 20 7 0.0 27 0 + 0 54.0 

12 20 7 8.0 27 4 + 4 62.0 

15 20 7 10.0 27 5 + 5 64.0 

40 20 7 16.0 27 8 + 8 70.0 

50 20 7 20.0 27 10+ 10 74.0 

70 20 7 22.0 27 11 + 11 76.0 

80 20 7 24.0 27 12 + 12 78.0 

100 20 7 26.0 27 13 + 13 80.0 

110 20 7 27.0 27 14 + 13 81.0 

• Fixed attenuation and insertion loss is a function of the on-board attenuator blocks 

• Cabled Path losses derived from Measured RF Splitter Loss calculations 
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Table 19. Cable Mapping Model for 4-Node Wired Scenario (WUSB Radio) 

  Attenuation Mapping - WUSB Radio (Node to Node) - 3432MHz   

Effective 

Range (m) 

Attenuator IL      

Orig-Node 

(dB) 

Attenuator IL    

Inter-Node 

(dB) 

Variable 

Atten (dB) 

Cabled 

Environment 

Atten (dB) 

Atten 

Setting 

(dB) 

Total Loss 

Originator 

(dB) 

1 8 8 4.0 24 2 + 2 44.0 

2 8 8 8.0 24 4 + 4 48.0 

4 8 8 16.0 24 8 + 8 56.0 

5 8 8 17.0 24 9 + 8 57.0 

6 8 8 19.0 24 10 + 9 59.0 

7 8 8 20.0 24 10 + 10 60.0 

9 8 8 22.0 24 11 + 11 62.0 

10 8 8 24.0 24 12 + 12 64.0 

12 8 8 25.0 24 13 + 12 65.0 
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The table below show the discrete data rates for the WiFi and WUSB radios and the corresponding TCP 

data rates. 

Table 20. 4-Node Wired Scenario - Measurement Points 

WiFi Radio Data Rates (802.11g)  WUSB Radio Data Rates 

WiFi Rate 

(Mbits/s) 

Peak Thru/put 

(Mbit/s) 

Aver Thru/put 

(Mbit/s) 

 WUSB Rate 

(Mbits/s) 

Peak 

Thru/put 

(Mbit/s) 

Aver 

Thru/put 

(Mbit/s) 

54.0 23.7 23.3  480.0 19.00 16.20 

54.0 23.8 23.2  480.0 19.00 16.20 

48.0 22.7 21.8  400.0 19.10 17.70 

36.0 18.7 18.2  320.0 19.00 17.60 

24.0 17.7 14.6  200.0 19.00 17.50 

18.0 11.7 11.0  160.0 19.00 18.60 

12.0 11.3 10.6  106.7 18.80 17.60 

2.0 20.6 8.6  80.0 15.30 14.30 

2.0 9.9 5.5  53.0 10.70 9.78 

 

The energy consumption figures of the Originator and Intermediate Nodes over the Wired Environment 

was measured for the effective range and summarised for both the DIRECT and RELAY scenarios. The 

energy consumption was plotted against data rate to identify a profile of the energy against data rate  

• We can conclude that from the perspective of the Originator Node, it is slightly beneficial to 

route data via the relay path for all data rates. 
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Table 21 and Figure 56 show the energy consumption with respect to the Originator Node for both the 

DIRECT and RELAY scenarios over the fixed time period (300seconds). 

 Extrapolating from the two curves, from the perspective of the Originator Node there is about a 7% 

energy saving  for the RELAY scenario for all data rates 

Table 21. 4-Node Wired Energy Consumption (Originator) – Fixed Duration 

4-Node Wired - Cabled Environment 

Energy Consumption (Originator Node) - Fixed Duration = 300s 

Direct TCP Rate Relay TCP Rate Direct Scenario  Relay Scenario 

Mbits/s Mbits/s Energy (J)  Energy (J) 

      

23.30 16.20 1570.53  1487.35 

21.80 17.70 1577.57  1487.44 

18.20 17.60 1587.52  1481.67 

14.60 17.60 1596.23  1492.29 

11.00 18.00 1613.94  1499.11 

10.60 17.60 1589.42  1510.19 

8.62 14.30 1625.70  1527.99 

5.52 9.78 1756.56  1561.97 

          

 

Figure 56: 4-Node Wired Energy Consumption (Originator) - Fixed Duration 
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Table 22 and Figure 57 show the energy consumption with respect to the Originator Node for both the 

DIRECT and RELAY scenarios over duration of the 200MByte file transfer.  

Extrapolating from the two curves, from the perspective of the Originator Node there is about a 7% 

energy saving for the RELAY scenario for all data rates. This is lower than for the 2-Node scenario. 

Table 22. 4-Node Wired Energy Consumption (Originator) – 200Mbytes Transfer 

4-Node Wired - Cabled Environment 

Energy Consumption (Originator Node) - 200MByte File Transfer 

Direct TCP Rate Relay TCP Rate Direct Scenario  Relay Scenario 

Mbits/s Mbits/s Energy (J)  (J) 

23.30 16.20 427.40  558.06 

21.80 17.70 455.64  518.56 

18.20 17.60 555.87  525.05 

14.60 17.60 695.51  528.93 

11.00 18.00 901.80  512.86 

10.60 17.60 935.92  536.62 

8.62 14.30 1132.28  641.43 

5.52 9.78 1756.56  940.32 

          

 

Figure 57: 4-Node Wired Energy Consumption (Originator) - 200MB File Transfer 
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Table 23 and Figure 58 show the total radio energy (WiFi and WUSB) of the Originator Node consumed 

by the DUT over the duration of the test measurement period of 300secs. There is an energy saving for 

the RELAY scenario for all data rates. Considering just the radio energy consumed, clearly transmitting 

via the RELAY path via the two intermediate nodes offers a distinct advantage. There is a substantial 

energy saving for the RELAY scenario for all data rates due to the lower power consumption of the 

WUSB radio on the originator node. Extrapolating from the curves yields an energy saving of between 

14% - 23% depending on the data rate. 

Table 23. 4-Node Wired Total Radio Energy (Originator) - Fixed Duration 

4-Node Wired - Cabled Environment 

Total Radio Energy (Originator Node - Fixed Duration = 300s 

WiFi Data Rate WUSB Data Rate Direct Scenario  Relay Scenario 

Mbits/s Mbits/s Energy (J)  Energy (J) 

      

23.30 16.20 318.05  243.58 

21.80 17.70 309.35  256.29 

18.20 17.60 345.42  250.83 

14.60 17.60 350.91  252.19 

11.00 18.00 368.95  265.81 

10.60 17.60 336.97  262.82 

8.62 14.30 369.07  277.29 

5.52 9.78 459.94  297.31 

 

Figure 58: 4-Node Wired Node Total Radio Energy (Originator) vs. Range - Fixed Duration 
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The total radio energy (WiFi and WUSB) of the Originator Node consumed by the DUT for the duration 

of the 200Mbytes file transfer is shown in Table 24 and Figure 59.  

Considering just the radio energy consumed, clearly transmitting via the RELAY path via the two 

intermediate nodes offers a distinct advantage. There is a substantial energy saving for the RELAY 

scenario for all data rates due to the lower power consumption of the WUSB radio on the originator 

node. Extrapolating from the curves yields a saving of between 20% - 25% depending on the data rate. 

Table 24. 4-Node Wired Total Radio Energy (Originator) –200M File Transfer 

4-Node Wired - Cabled Environment 

Total Radio Energy (Originator Node - 200M File Transfer 

WiFi Data Rate WUSB Data Rate Direct Scenario  Relay Scenario 

Mbits/s Mbits/s Energy (J)  Energy (J) 

23.30 16.20 108.80  105.38 

21.80 17.70 114.80  104.81 

18.20 17.60 148.75  104.54 

14.60 17.60 190.39  109.79 

11.00 18.00 245.53  105.92 

10.60 17.60 232.19  114.98 

8.62 14.30 293.09  141.79 

5.52 9.78 459.94  202.18 

          

 

Figure 59: 4-Node Wired Total Radio Energy (Originator) vs. Range - 200M File Transfer 
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Table 25 and Figure 60 show the total energy consumption (summation) of both the Originator #1 

(ACTIVE), Originator #2 (IDLE) and the two Intermediate Nodes for the fixed duration of the 

measurement.  

From the perspective of the total system energy consumed there is a penalty, as the two Intermediate 

Nodes will consume more energy relaying the data from the Originator. This will vary depending on the 

propagation conditions, building environment and any interference impacting throughput. Extrapolating 

from the curves yields a penalty of amount 5% at the lowest data rate. 

Table 25. 4-Node Wired Energy Consumption(Originator+ Intermediate) - Fixed Duration 

4-Node Wired - Cabled Environment 

Energy Consumption (Originator + Intermediates) - Fixed Duration = 300s 

Direct TCP Rate Relay TCP Rate Direct Scenario  Relay Scenario 

Mbits/s Mbits/s Energy (J)  Energy (J) 

23.30 16.20 5227.39  5313.88 

21.80 17.70 5243.30  5321.12 

18.20 17.60 5248.79  5302.59 

14.60 17.60 5269.44  5324.58 

11.00 18.00 5277.40  5330.63 

10.60 17.60 5235.80  5339.00 

8.62 14.30 5285.76  5417.67 

5.52 9.78 5461.74  5497.39 

 

 

Figure 60: 4-Node Wired Energy Consumption(Originator + Intermediate) - Fixed Duration 
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Table 26 and Figure 61 show the total energy consumption (summation) of both the Originator and the 

two Intermediate Nodes for the duration of the file transfer.  

From the perspective of the total system energy consumed there is a penalty, as the two Intermediate 

Nodes will consume additional energy relaying the data from the Originator. This will vary depending on 

the propagation conditions, building environment and any interference impacting throughput. 

Extrapolating from the curves yields a penalty of between 14% - 33% depending on the data rate. 

Table 26. 4-Node Wired Energy Consumption (Originator + Intermediate) – 200MB Transfer 

4-Node Wired - Cabled Environment 

Energy Consumption (Originator + Intermediates) - 200M File Transfer 

Direct TCP Rate Relay TCP Rate Direct Scenario  Relay Scenario 

Mbits/s Mbits/s Energy (J/Mbit)  Energy (J/Mbit) 

23.30 16.20 1327.55  2095.28 

21.80 17.70 1422.67  1913.55 

18.20 17.60 1587.52  1918.51 

14.60 17.60 1596.23  1942.65 

11.00 18.00 2783.82  1850.69 

10.60 17.60 2823.86  1921.69 

8.62 14.30 3536.75  2336.39 

5.52 9.78 5461.74  3378.72 

 

Figure 61: 4-Node Wired Energy Consumption(Originator + Intermediate) –200MB Transfer 
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3.11 Conclusion 

The following graphs show a consolidated overview of the energy consumption for originator and 

intermediate nodes both the two-node wireless and four-node wired scenarios. The energy consumed 

by the radio subsystems is shown in separate curves for comparison with the total DUT energy. 

 

 

Figure 62: 2-Node Wireless Energy Consumption(Originator) –DIRECT 

 

 

Figure 63: 2-Node Wireless Energy Consumption(All Nodes) –RELAY 
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Figure 64: 4-Node Wireless Energy Consumption(Originator) –DIRECT 

 

 

 

Figure 65: 4-Node Wireless Energy Consumption(All Nodes) –RELAY 
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The power mode setting of the WiFi radio has a large impact on the energy savings for the system. The 

most energy efficient mode was FAST_PSP which delivered good throughput, compared to being always 

awake, and resulted in a 4 times reduction in radio power in the idle mode. (135mW verses 620mW), as 

shown in Table 5. 

The cabled RF environment provided a useful baseline against which to compare the results of the 

wireless tests. The power saving figures of the two-node test bed on the ‘Wireless’ and ‘Cabled’ show 

similar power savings and throughput behaviour providing confidence that the wired environment was a 

realistic emulation. This enabled the four node test bed to be developed by providing values with which 

to configure the attenuators on the TC to represent equivalent distances between Nodes and to the AP.  

Based on the two-node open office and cabled testing, we can conclude that from the perspective of the 

Originator Node, a definite energy saving can be achieved by routing via an Intermediate Node.  

Considering the results of the two-node wireless test bed from the fixed time duration perspective, the 

saving for the DUT varied from 3% at 1m to 14% at 8m. Whereas when we restrict our view to the 

duration of the file transfer, the saving varied from 14% at 1m to 68% at 8m. If we look at the energy 

consumed by just the radios, from the fixed time duration perspective the saving varied from 17% at 1m 

to 45% at 8m. Whereas when we restrict our view to the duration of the file transfer, the saving varied 

from 31% at 1m to 76% at 8m. This indicates that applications which disconnect when idle and handset 

operating systems that can shut down radios aggressively will benefit the most. 

The results of the two-node Cabled environment, gave similar results to that of the open office, 

although more pessimistic. The wired environment facilitates testing over a greater ‘range’ and 

reproducibility than that available within the confines of an office environment and based on the results 

can be justified as representative of a wireless environment when incorporating high numbers of nodes.  

The energy consumption increased with distance, as the WiFi radio had to increase its transmit power in 

an attempt to keep throughput up in the face of MAC rate adaptation and the longer transmission time 

of slower data rates thus favouring relaying and even multi-hop relaying as range to the AP increases. 

The open office environment benefits from multi-path at mid range which results in a slightly higher 

energy saving than was expected. This is likely to vary with different room layout, furnishings etc. 

External RF interference from other WiFi AP in the vicinity caused variation in available bandwidth, such 

that the throughput varied by typically +/-5MBits/s from one run to the next. This inconsistency and the 

unpredictable nature of its impact was one of the original motivators for developing the wired platform. 

A number of propagation models exist that more accurately represent an office or indoor environment 

[9]. These could be used to modify the attenuation parameters of the ‘Cabled Test-Bed’ in order to 

enhance more sophisticated and complex measurement scenarios.  

Inspecting the results of measurements of the 2-Node and 4-Node scenarios demonstrates that 

significant energy savings are achievable when using a mix of high-speed short-range and lower speed 

longer range radio technologies. However, the savings experienced by individual users will vary 

significantly depending on their location and the type of activity in which they are engaged. High density 

environments where nodes are slow-moving or static, such as a busy airport lounge, public transport or 

coffee shop with users operating tablets, smart phones, and laptops, offer rich opportunities for relaying 

and will show the greatest benefits. Fast-moving mobile or rural situations will offer little chance to form 

worthwhile relays due to rapidly changing data rates and so cannot expect to derive much benefit. 

Situations involving a relay via 2 WiFi hops as demonstrated in the 4-Node scenario are only beneficial, if 

their data rates are relatively high, or the intermediate nodes are able to act as store and forward 

agents. Then the UWB nodes are able to save power by sending their traffic at high data rates. 
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Otherwise a stream is set up between the AP and the Originator node, which is effectively throttled to 

the data rate of the slowest link in the relay chain and can prevent the full benefits being realised. This is 

yet another example of how the context in which a Node finds itself determines how close to the 

maximum energy saving it can get. 

Measurement Data Set 

Due to the amount of data gathered, only a subset could be included in this document.  

A complete set measurement data and graphs can be made available for the 2-node and 4-node 

scenarios if required. 
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4. Energy Efficient Handovers 

In order to evaluate the energy efficient Handover strategies (Vertical Handover and Macro to Femto 

Handover decision) investigated and developed in WP6 and demonstrate the benefit in battery savings 

in a multi-technology terminal, a test setup has been put together which integrates together the various 

modules implemented within the C2Power Project. These modules include the context aware modules 

(WP3), which provide location-specific information about the user (received signal strengths from the 

available heterogeneous network links, the location of the user, power consumption of each adapter on 

the user terminal, remaining battery etc.), into the database, the database (WP3/WP6) which is sitting in 

a central position, together with the Handover decision algorithms (WP6) (which directly receive context 

from the database), the IP mobility implementation (WP6) which receives and executes the handovers 

to ensure session continuity and the energy evaluation module which evaluates and demonstrates 

energy efficiency into a user interface (WP7). 

 

4.1 Test General Description 

The complete architecture of the test setup (see Figure 66), which is used for the evaluation of the 

energy efficient handover strategies has been defined in WP2 in the beginning of the project in 

C2POWER previous deliverable D2.2 [10] and its implementation has been presented in detail in 

deliverables D6.3 [11] and D7.2 [7]. The test-bed integrates together the various entities that are 

required for the proof of concept of energy efficiency in heterogeneous networking environments 

through the use of energy efficient handover strategies; this includes: 

• The heterogeneous networking infrastructure (the user terminal, the Base stations/access 

points and their respective radio adapters to be installed in the terminal) 

• The platform which is responsible for executing the handovers (based on the mobile-IP 

protocol) 

• A central processing unit which contains the context-database and the handover decision 

algorithms 

• The context modules which collect/generate and provide real-time context in the database 

to be used by the Handover algorithms 

• An energy evaluation module to evaluate the proposed architecture in terms of energy 

efficiency and prove the concept. 
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Figure 66: The complete Handover Architecture Framework 

 

4.2 Platform Final Integration 

The integration of the various modules (implemented in different work packages and tasks) which 

constitute Handover Architecture presented in Figure 66 took place in WP7. A schematic of the practical 

implementation is shown in Figure 67 and a picture of the implementation is shown in Figure 68.  
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Figure 67: Practical Implementation of the handover evaluation architecture 

 

Figure 68: Physical Implementation of the Handover Architecture 
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All the modules that constitute the demonstration architecture have been integrated in a local network 

(to allow portability) around a D-Link Router, which serves as a Domain Name Service (DNS) server and 

also as a WiFi Access Point. In practice the platform would be integrated in a distributed network on the 

internet where every entity could be sitting in any physical geo-location and would be accessible over 

the Internet via TCP/IP. This DNS router constitutes the heart of the networking architecture and 

provides connectivity to any base stations and/or access points that form the heterogeneous radio 

network. In this demonstrator, the router itself is a WiFi Access Point but also a WiMAX Base station is 

directly connected to it (see Figure 69). For our demonstrator and the proof of principle, these two 

Radio Access Technologies (RATs) will be used. 

 

 

Figure 69: DNS Router – WiFi Access Point – WiMAX Base Station 

The DNS router also provides direct connectivity to the Mobile IP (MIP) core-Service Manager suite and 

also to the central processing unit which contains the C2Power database, the Handover Decision 

algorithms and the energy efficiency Evaluation Module.  

The MIP-core and the Service manager are implemented on a Linux-Based Machine (see  

Figure 70), which is sitting on a dedicated static IP (192.168.1.200) on the network (local or distributed). 

The MIP core implements the Mobile IP functionality through the provision of a Home Agent (HA) and a 

Foreign Agent (FA) in the context of the Mobile IP protocol. It receives the vertical handover (VHO) 

request from the Service manager which is implemented on the same machine and executes the 

handover (in cooperation with MIP functionality implemented on the client) and if the VHO is executed 

successfully in updates the C2Power database accordingly (updates the Care of Address – CoA which 

reflects to the user point of attachment to the network). The service connection manager (SCM) (see 

Figure 71) is basically a server which listens to the network and detects whether a vertical handover 

decision (VHD) has been generated from the VHO algorithms which are sitting on a different machine. It 

wraps up the VHO trigger and sends it to the Mobile Terminal which executes it and replies back with a 

confirmation of execution. 
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Figure 70: Linux Machine hosting the MIP core 

and Service Manager 

 

Figure 71: Service Connection Manager 

The central unit (database, HO algorithms, evaluation module) is integrated into a Windows-based 

laptop which is also attached directly to the DNS router through a static IP (192.168.1.140). The 

C2Power database (a schematic of which is shown in Figure 75) is the central point of context exchange 

within the whole architecture since it receives terminal and network related context from the terminal 

and network context aware modules and makes this information available to the Handover Decision 

algorithms. This database has been designed in WP3 and implemented in Microsoft SQL together with 

its communication interfaces to each module in the architecture in WP6 and is thoroughly described in 

Deliverable D3.4 [12]. This database is a subset of the ANDSF specification and provides the necessary 

context required by the handover algorithms to generate decisions in terms of energy efficiency. This 

context involves network-based context as seen by the terminal (e.g. available network links, received 

signal strength, available connection rates), energy context (e.g. power consumption of the adapters of 

each user and its remaining battery level, user preferences context (e.g. preferred or restricted 

networks, required cost etc.), user dynamic information (e.g. user position, velocity, etc.). These are 

provided into the database through the context aware module which is implemented on the terminal. 

Network related context is also provided like the available bandwidth on each link, the cell load, the 

network topology etc. The different handover algorithms that have been designed and implemented in 

WP6 (both EEVHOs and MFHO) use various combinations of this context to make energy efficient 

decisions. There are five handover algorithms for which their design, theoretical/simulated results and 

practical implementations are presented in detail in Deliverable D6.3 [11]. These algorithms are: 

• Context Aided Vertical Handover Decision Algorithm (CAVHD) 

• New Context Aided Vertical Handover Decision Algorithm (NCAVHD) 

• Energy Efficient Vertical Handover Decision algorithm (EEVHD) 

• Energy Efficient Markov-based Vertical Handover Decision (EEMVHD) 

• Macro to Femto Handover Algorithm (MFHO) 

 

All the algorithms periodically (in predefined interval e.g. 1sec) communicate with the database to pull 

the required context, they perform the necessary processing based on their algorithm and they 

generate (if needed) a vertical handover trigger which is forwarded to the Service Manager. All the 

communication is achieved with dedicated client-server communication applications (either with the 
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database to retrieve information or with the Service connection manager to forward the handover 

decision). An example snapshot of one of the algorithms is shown in Figure 73. 

An energy evaluation module is also implemented on the central unit to monitor a specific user in the 

heterogeneous environment (through a graphical interface) and evaluate the performance of the 

integrated algorithms. This module (a screenshot of which is shown in Figure 74), monitors the user 

while the user moves in the environment, indicates and monitors its available networks and links along 

with their respective signal strengths and QoS metrics (connection rate, throughput), displays the 

position of the user and his currently connected technology, shows the locations that handover 

decisions have generated but most importantly it evaluates the performance of the handovers in terms 

of: 

• Energy (in Joules) consumed over a specific route 

• The number of handovers generated 

• The average connection rate 

• The number of network discoveries carried out to discover new links 

 

 

Figure 72: Database + HO algorithms + 

Evaluation Module Machine 

 

Figure 73: HO algorithm example 
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Figure 74: Evaluation Module Snapshot 

 

 

Figure 75: C2Power Database 
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The terminal is a conventional laptop which employs 2 USB Wireless adapters; one WiFi and one WiMAX 

adapter as shown in Figure 76. The USB connection is intercepted by two ammeters connected in series 

to measure the real-time power consumption of the adapters connected to the terminal. These 

ammeters provide an RS232 connection that allows data passing to the computer. The specific ammeter 

model RS232 communication protocol has therefore been implemented in order to pass this data to the 

computer and from there to the C2Power database through the power consumption sub-module which 

exists in the terminal context module. The power consumption module (see Figure 77) implementation 

periodically pulls the measured current consumption of the two adapters and fills in the necessary 

tables in the C2Power database. Practically, this sub-module co-exists in the overall implementation of 

the Terminal context aware module shown in Figure 78 with the network discovery module, the 

positioning module, the connectivity module and the user-preferences module. All this sub-modules 

share the same clock/timer, and they are provided a common timestamp (TS) when they update the 

database with new context. The implementation of this module has been carried out in C# and the 

developed application is installed on the client.  

As mentioned above the developed architecture will be used to demonstrate the benefit in energy 

efficiency of the developed Handover strategies. This practically means to compare the various 

developed algorithm between each other but also against a base-line scenario (see later). To do this and 

obtain comparable results, the radio propagation environment needs to be fixed for all the trials 

something which is difficult to achieve in practice due to the dynamism of the propagation channels. For 

this reason the propagation channel is modelled using a channel simulator (a 3D Ray Tracing Tool 

developed by Sigint Solutions), the channel predictions are saved into a file and are loaded upon the 

trial.  

 

Figure 76: Multi-RAT terminal 
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Figure 77: Power consumption module flow of information 

 

 

Figure 78: Terminal Context Aware module 
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It has been observed that the WiMAX adapter draws around 630mA, when connected to the network 

and around 160mA while it is on idle state. Similarly the WiFi adapter draws around 135mA, while in 

connected state and around 35mA when idle. The mobile terminal accommodates the mobility client 

who receives the VHO command from the MIP-Core and executes it accordingly (transfers the 

connection between one adapter to the other seamlessly). 

For the Macro-to-femto case, in order to better manage the connectivity, two WiMAX adapters are 

installed on the terminal; one used to connect to the macro station and one to connect to the femto 

stations. The one which connects to the WiMAX draws more current than the one which connects to the 

femto since its transmit power is higher. This approach has been adapted since the available 

infrastructure does not allow power control on the WiMAX adapter but its transmit power can be 

configured a-priori. To realise the practical case where a WiMAX adapter handovers from macro to 

femto, the terminal switches on the femto-adapter, performs the handover and switches off the one 

that connects to the macro. 

In order to generate TCP traffic to the client a second Windows laptop serves as a second user 

(10.0.0.2). This user’s purpose is to serve as a media server for streaming a real-time video to the 

primary user while the latter is handing over between heterogeneous networks in an energy efficient 

way. VLC media server has been setup on user 2 and the primary user remotely views the video through 

the network. There is also provision to setup any type of traffic between the two users by user iperf.  

 

4.3 Measurement Results 

4.3.1 Scenario under Investigation 

Based on the definition of use cases in Deliverable D2.1 [13], a mobile user is roaming in heterogeneous 

wireless environment which employs WiMAX and WiFi Radio Access Technologies (see Figure 79).   

Use case: 

“A mobile user equipped with a multi-technology 4G terminal is roaming in a heterogeneous 

networking environment. He is initially located indoors (in his house) where he has connectivity 

to the internet via WiFi. Since he already has a high bandwidth connection with relatively low 

power consumption the remaining adapters on his terminal (WiMAX and/or LTE) remain idle. 

The user decides to go to a shopping mall and therefore moves outdoors and gets into his car. 

Once out of the house, his signal from the WiFi network starts to deteriorate and triggers the 

WiFi network discovery mechanism to search for the availability of other WiFi networks. As he is 

currently outdoors and no WiFi networks are available the terminal switches on the WiMAX 

adapters and switches off WiFi connection. On his way to the shopping mall he decides to pass 

from his office where there is available and allowed WiFi connection and handovers to it. 

Leaving the office he handovers back to WiMAX until he reaches the mall where there are 

various WiFi connections (only 3 of them are free) and handovers to one of them. On his way 

back to his house he again handoffs to WiMAX until he reaches the house.” 
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Figure 79:Typical Energy Efficient Vertical Handover Scenario 

 

To realise this use case, the scenario that has been used is shown in Figure 80 which defines a multi-RAT 

(WiFi and WiMAX) user which roams in an outdoor/indoor environment where there is WiMAX and WiFi 

coverage. The WiMAX Base station is located outdoors in a central position so that it provides coverage 

in the entire area. The WiMAX transmitter is placed 20 meters above the ground and its transmit power 

is 15dBm. There are also 6 WiFi Access Points (1 in his house, 2 in his office and 3 in the shopping mall) 

which for the purpose of investigation their transmitting powers have been set equally to 0dBm. The 

user is assumed to be on foot with constant speed at 1.83Km/h. The whole trip of the user across the 

scenario under investigation is 1306 meters and the user requires 43 minutes to travel across the whole 

route. In order to generate traffic for the user, a second static user is connected to the platform that 

transmits a real-time video or TCP traffic (through iperf) to the primary user. 
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Figure 80: Practical use case environment 

 

As said before, the basic objective of this architecture is to evaluate and compare various EE-VHO and 

also Macro to Femto Handover algorithms under identical propagation and networking conditions. For 

this reason, and in order to replicate identical scenarios when testing the algorithms, the network 

discovery module inside the terminal context module is emulated using received signal strength data 

from a full 3D radio propagation Simulator (3DTruEM developed by Sigint Solutions) for a user following 

a specific path in a defined outdoor to indoor environment. Figure 81 to Figure 87 show the signal 

strengths of the 6 access WiFi access points and 1 WiMAX Base station as received in each of the user 

terminal locations. Figure 88 show the coverage of all the WiFi access points together. 



C2POWER  D7.3 v3.0 

Dissemination level PU – Public    Page 100 (115) 

 

Figure 81: Coverage of WiFi1 

 

Figure 82: Coverage of WiFi2 
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Figure 83: Coverage of WiFi3 

 

Figure 84: Coverage of WiFi4 
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Figure 85: Coverage of WiFi5 

 

Figure 86: Coverage of WiFi6 
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Figure 87: Coverage of WiMAX1 

 

Figure 88: Coverage of all the WiFi together 
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4.3.2 Measurement Results for Energy Efficient Vertical Handovers 

For the test-setup and the environment layout and network topology described above. All the 

developed algorithms have been compared against the case that the user terminal remains connected 

to the WiMAX Macro cell (base case) which offers coverage in the entire area. The algorithms have been 

evaluated in terms of the total energy consumed over a complete run (in Joules), the number of 

performed Handovers and the average connection Rate (QoS) which is offered to the user. The total 

energy is calculated as the summation of the energy consumed by the connected adapter plus the 

energy consumed of the not connected adapter which is in idle state. 

The four Energy Efficient vertical handover decision algorithms (EE-VHO) have been compared against 

the baseline scenario that the user remains connected always to the WiMAX Macro cell. In this case no 

handovers occur and the total energy consumed is 8.31 Joules and the average connection rate is 

7.23Mbps. For each of the algorithms the locations of the vertical handovers is shown in the figures as 

red circles. Also the black trace in the Figure 89 to Figure 92 indicates that the terminal is connected 

using the WiMAX adapter whereas the pink trace indicates that the terminal is connected to WiFi. 

These algorithms have been compared against typical signal-based VHO algorithm. This algorithm 

searches for new links when the signal strength received from the currently connected cell or access 

point drops below -70dBm. If the new preferred link is of the same technology then a horizontal 

handover occurs whereas when the preferred link is of different access technology then a VHO occurs. 

This algorithm result is shown in Figure 93. 

 

 

Figure 89: CAVHD Algorithm result 
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Figure 90: NCAVHD Algorithm result 

 

Figure 91: EEVHD Algorithm result 
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Figure 92: EEMVHD Algorithm result 

 

 

Figure 93: Signal-based VHO Algorithm result 
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Table 27. Vertical Handover Results Summary for the use case scenario 

 Algorithm 

 Always 

on 

WiMAX 

(baseline 

case) 

Signal 

strength 

based 

algorith

m 

CAVHD NCAVHD EEVHD EEMVHD 

Consumed Energy 

(Joules) 
8.31 7.01 5.54 5.51 5.79 5.11 

Number of  

VHOs 
0 40 33 33 40 29 

Average connection 

 Rate 

7.23 

Mbps 

14.05 

Mbps 

17.16 

Mbps 

17.18 

Mbps 

17.99 

Mbps 

15.72 

Mbps 

Energy Saving 

percentage against 

the baseline case 

- 15.6% 33.3% 33.7% 30.7% 38.5% 

Energy Saving against 

the Signal Strength-

based algorithm 

- - 20.9% 21.4% 17.4% 27.1% 

 

Table 27 summarises the results of the four EE-VHO algorithms and compares them against the baseline 

case (the terminal is always connected to the WiMAX macro-cell) and the case where the basic signal-

strength based algorithm is used. It can been observed from the results that the CAVHD, NCAVHD and 

EEVHD algorithms perform similarly offering significant improvement compared to the baseline 

scenario (energy efficiency is improved by (30-33%). Also compared to the signal-strength based VHO 

algorithm these three algorithms offer an improvement of about 17-21% in energy efficiency. These 

algorithms offer better connection rates since the terminal remains more time connected to the WiFi. 

The EEMVHD improves significantly the energy efficiency (38.5% against the baseline case and 27.1% 

against the RSS-based VHO algorithm) but it degrades the QoS (the connection rate), since it remains 

connected to the WiFi even if the connection rate is very low (e.g. 1Mbps). This practically means that 

EEMVHD could be the preferred algorithm for traffic that is not so demanding in terms of bandwidth. 

The energy benefit is correlated with the time that the user spends in the WiFi areas. This is 

demonstrated by a second set of results that has been presented in Deliverable D6.3 [11], where the 

user spends less time in indoor areas and also the transmitting power of the WiFi access points is less. 

However, relatively the algorithms perform similarly between each other. The results of this second 

scenario are demonstrated in Table 28. 
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Table 28. Vertical Handover Results Summary for a second scenario (see description in D6.3) 

 Algorithm 

 Always 

on 

WiMAX 

(baseline 

case) 

Signal 

strength 

based 

algorith

m 

CAVHD NCAVHD EEVHD EEMVHD 

Consumed Energy 

(Joules) 
2.64 2.39 1.94 1.95 2.01 1.51 

Number of  

VHOs 
0 17 25 27 24 25 

Average connection 

 Rate 

11.11 

Mbps 

15.8 

Mbps 

17.59 

Mbps 

17.8 

Mbps 

17.99 

Mbps 

13.69 

Mbps 

Energy Saving 

percentage against 

the baseline case 

- 9.46% 26.5% 26.1% 23.77% 42.8% 

Energy Saving against 

the Signal Strength-

based algorithm 

- - 18.8% 18.4% 15.8% 36.8% 

 

4.3.3 Measurement Results for Macro to Femto Handovers 

The same environment has been used to demonstrate the benefit of macro to femto handovers. The 

same network topology has been used with the only difference that in the positions of the WiFi access 

points, it was assumed that Femto WiMAX base stations exist, transmitting at the same power as the 

WiFi access points did. The algorithm, although originally developed for M-F HO in LTE, has been 

reduced to practical implementation and adapted to WiMAX standard. Two WiMAX adapters have been 

connected on the terminal; one to connect to the Macro cell and another one to connect to the femto 

cells. Both adapters come from the same manufacturer since we would like to look at energy 

consumption of macro and femto in isolation. The average consumption of the adapter which connects 

to the Macro cell is around 600mA and the average consumption of the one when connected to the 

femto is around 200mA. Since in practice there will be only one adapter on the terminal the 

instantaneous energy consumed is the one consumed by the currently connected adapter. As in the case 

of EE-VHO, the developed MF-HO algorithm has been compared against the baseline case where user 

remains connected to the Macro WiMAX cell and also against the case where received signal strength-

based algorithm is used. In the case that the user remains connected always to the WiMAX Macro cell 

no handovers occur and the total energy consumed is 7.93 Joules and the average connection rate is 

7.23Mbps.  
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Table 29. Macro to Femto handover results for the use case under investigation 

 Always 

on 

WiMAX 

(baseline 

case) 

Signal strength 

based 

algorithm 

Macro to Femto 

Algorithm 

Consumed Energy 

(Joules) 
7.93 6.48 6.00 

Number of  

VHOs 
0 41 37 

Average connection 

 rate 

7.23 

Mbps 

8.36 

Mbps 

8.20  

Mbps 

Energy Saving 

percentage against 

the baseline case 

- 18.2% 24.3% 

Energy Saving against 

the Signal Strength-

based algorithm 

- - 7.4% 

 

 

Figure 94: Signal-based VHO Algorithm result for Macro-Femto network topology 
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Figure 95: Macro to Femto Algorithm result 

 

It has been observed in Table 29 the Macro to Femto Handover algorithm improves the energy 

consumption by 24.3% compared to the baseline case and is also slightly better than the simple signal 

strength algorithm (by 7.4%) while the QoS is maintained (slightly improved). Figure 94 and Figure 95 

indicate the handover positions for the RSS-based HO algorithm and the Macro to Femto Handover 

algorithms respectively. In both figures the black trace indicates that the user terminal was connected to 

the macro cell whereas the orange trace indicates a connection to a femto cell. 

As in the case of the EEVHO the energy benefit is correlated with the time that the user spends in the 

Femto areas. This is demonstrated by a second set of results that has been presented in Deliverable 

D6.3 [11], where the user spends less time in indoor areas and also the transmitting power of the Femto 

Base Stations is less. The results of this second scenario are demonstrated in Table 30. 
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Table 30. Macro to Femto Algorithm results for the scenario  

presented in Deliverable D6.3 [11] 

 Always on WiMAX 

(baseline case) 

Signal strength based 

algorithm 

Macro to Femto 

Algorithm 

Consumed Energy 

(Joules) 
2.52 2.23 2.18 

Number of 

VHOs 
0 12 16 

Average connection 

Rate 

11.09 

Mbps 

12.09 

Mbps 
12.03 Mbps 

Energy Saving 

percentage against 

the baseline case 

- 11.5% 13.5% 

Energy Saving against 

the Signal Strength-

based algorithm 

- - 2.2% 

 

4.4 Conclusion 

The mobility platform was successfully used to demonstrate and validate the performance of handover 

algorithms designed within WP6 of C2POWER. Two categories of handovers were tested using the 

SIGINT platform:  

• Vertical Handover Policies in a WiMAX-WiFi networking environment 

• Macro-To Femto Handover Policies in a WiMAX Networking environment. 

The two algorithms were tested against the baseline scenario, which assumes that the mobile device 

stays connected to one technology (WiMAX in this case), which provides coverage for the whole 

considered demonstrative area. Moreover, the algorithms were compared to the famous algorithm 

based on strength of received signal. A mixed scenario was investigated, changing environment between 

indoor and outdoor. The obtained results showed considerable energy savings, which can be summed as 

follows:  

• Context Aided Vertical Handover Decision – CAVHD: 26.5-33.3% against base-line case (18.8-

20.9% benefit against signal based algorithm). 

• New Context Aided Vertical Handover Decision – NCAVHD: 26.1-33.7% against base-line case 

(18.4-21.4% benefit against signal based algorithm). 

• Energy Efficient Vertical Handover Decision – EEVHD: 23.7-30.7% against base-line case (15.8-

17.4% benefit against signal based algorithm). 
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• Energy Efficient Marcov-based Vertical Handover Decision – EEMVHD: 38.5-42.8% against base-

line case (27.1-36.8% benefit against signal based algorithm). 

• Macro-to-Femto Handover Decision (MFHD) -: 13.5-24.3% against base-line case (2.2-7.4% 

benefit against signal based algorithm). 

The energy efficiency percentage is strongly correlated with the time that the user terminal is in the 

vicinity of more energy efficient network links. Nevertheless, all the algorithms perform significantly 

better than signal based handover policies, which proves the principle of their design and operation. 

The experimental results have shown a very important observation. As mentioned above, the energy 

savings are the result of the mobile device being connected to the most energy efficient network; The 

issue is the energy dissipation of the other (currently unused) interfaces. Unless, the unused interfaces 

have implemented good power saving strategies, allowing them to enter SLEEP state when not used 

with very low (negligible) energy consumption rates, the energy savings would not be achieved; 

Otherwise, the switching between interfaces would be an energy burden, since it implies the powering 

of two interfaces simultaneously, draining the battery of the mobile device. Device manufactures need 

to be forced to implement power saving strategies in the standards, since most available commercial 

interfaces do not have the power saving property enabled and the user has no control on switching to 

those low power states.  
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5. The global Perspective – Conclusion 

This deliverable is a proof-of concept report for the research and development carried out in the 

framework of FP7 C2Power project in the context of reconfigurable radio (WP4), short range 

communication (WP5) and heterogeneous communication (WP5). To prove the concepts investigated in 

the project, two specific scenarios have been previously defined in the project; one on short range 

energy efficient communication and one on energy efferent handovers. Based on the defined scenarios, 

various use cases have been tested using the implemented functionality and test-beds and evaluated in 

terms of energy efficiency. 

Regarding reconfigurable radio, a demonstration platform based on the hardware technology blocks 

developed in WP4 was implemented and characterized; this platform includes a two power amplifiers 

for LTE (1920-1980 MHz band) and WiMAX (3.4-3.6 GHz band), a tunable matching network and a 

miniature dual-band antenna. The experimental results demonstrated a significant reduction of the 

power amplifiers thanks to the Envelope-Tracking or Doherty architecture, e.g. a 400 mW dc power 

consumption reduction was obtained in the case of the envelope-tracking PA operating at 1950 MHz 

with 200 mW or average output power. The tunable matching network demonstrated its capability to 

compensate for strong perturbations of the antenna and maintain a constant radiated power level; in 

the most critical cases, the radiated power level was increased by 6 dB, which corresponds to a 

multiplication of the efficiency by a factor of 4. 

For short range communication, two separate scenarios have been selected, a 2-Node arrangement that 

can be configured to operate in both a wired and wireless environment and a more complicated 4-Node 

wired test platform which delivers stability and reproducibility for more complex scenarios. Inspecting 

the results of measurements of the 2-Node and 4-Node scenarios demonstrates that significant energy 

savings are achievable when using a mix of high-speed short-range and lower speed longer range radio 

technologies. However, the savings experienced by individual users will vary significantly depending on 

their location and the type of activity in which they are engaged. High density environments where 

nodes are slow-moving or static, such as a busy airport lounge, public transport or coffee shop with 

users operating tablets, smart phones, and laptops, offer rich opportunities for relaying and will show 

the greatest benefits.  Fast-moving mobile or rural situations will offer little chance to form worthwhile 

relays due to rapidly changing data rates and so cannot expect to derive much benefit. Situations 

involving a relay via 2 WiFi hops as demonstrated in the 4-Node scenario are only beneficial if their data 

rate is relatively high, or the intermediate nodes are able to act as store and forward agents. Then the 

UWB nodes are able to save power by sending their traffic at high data rates. Otherwise a stream is set 

up between the AP and the Originator node, which is effectively throttled to the data rate of the slowest 

link in the relay chain and can prevent the full benefits being realised. The two configurations still 

demonstrated considerable energy saving up to 68-74%. 

The energy efficient handover strategies investigated and developed in WP6 have been tested in 

emulated outdoor indoor environment use cases over a heterogeneous mobility platform.  The mobility 

platform is built on top of Mobile IP functionality to support seamless connectivity when handing over 

from one radio access technology to another through the provision of vertical handovers. In the scope 

of context-awareness, the developed architecture is equipped with the necessary functionality to obtain 

terminal-related context (power consumptions, discovered links, received signal parameters, traffic etc) 

and store it in the database. This context is made available to handover algorithm blocks which make 

the necessary decisions to optimise energy efficiency while maintaining an acceptable Quality of Service. 

Two types of handover policies have been investigated: 

• Vertical Handover Policies in a WiMAX-WiFi networking environment 

• Macro-To Femto Handover Policies in a WiMAX Networking environment. 
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In both cases it was assumed that the base-line case is the case where the user terminal remains 

connected to the WiMAX Macro cell without handing over to either the WiFi Access points nor to 

Femtocells. All the developed handover algorithms have been tested against this base-line case, as well 

as the famous received signal strength based algorithm. Two network topologies have been tested (one 

is presented here and another one in previous Deliverable D6.3) presenting the following energy 

efficiencies (in parentheses is the comparison against standard signal based handover algorithms): 

• Context Aided Vertical Handover Decision – CAVHD: 26.5-33.3% against base-line case (18.8-

20.9% benefit against signal based algorithm). 

• New Context Aided Vertical Handover Decision – NCAVHD: 26.1-33.7% against base-line case 

(18.4-21.4% benefit against signal based algorithm). 

• Energy Efficient Vertical Handover Decision – EEVHD: 23.7-30.7% against base-line case (15.8-

17.4% benefit against signal based algorithm). 

• Energy Efficient Marcov-based Vertical Handover Decision – EEMVHD: 38.5-42.8% against base-

line case (27.1-36.8% benefit against signal based algorithm). 

• Macro-to-Femto Handover Decision (MFHD) -: 13.5-24.3% against base-line case (2.2-7.4% 

benefit against signal based algorithm). 

The energy efficiency percentage is strongly correlated with the time that the user terminal is in the 

vicinity of more energy efficient network links. Nevertheless, all the algorithms perform significantly 

better than signal based handover policies which proves the principle of their design and operation. 

The deliverable presents a solid proof-of-concept of C2POWER solutions presented throughout the 

lifetime of the project. The observed results provide support to using short-range cooperative 

communications and cognitive handover strategies for energy savings of multi-standard mobile devices. 

The obtained energy savings show that although multiple interfaces property of mobile devices form a 

burden on energy consumption, if smartly and efficiently used, they can be a solution for improved 

energy efficiency. Some of the important issues that have to be taken into consideration are:  

• Context awareness is a very critical requirement for those solutions to be successful. Without 

context information, mobile devices would waste considerable amounts of energy looking for 

available RATs and neighbouring nodes. 

• For all the proposed solutions, an energy efficient multi-standard reconfigurable transceiver is 

required; hence some efforts should be devoted to design energy efficient flexible transceivers. 

• The main source of energy savings is the diversity in the channel quality either between 

different available RATs or between short and long range technologies. If the mobile device has 

good (the best) channel quality with the associated RAT, algorithms should not search for other 

paths to save energy. 

• Most of current commercial technologies (e.g. WiFi or WiMAX interfaces) do not implement 

power savings mode; i.e. mobile devices do not enter Sleep states, when not used. This is a 

main request of all C2POWER solutions; otherwise, all interfaces would be draining the power 

of the mobile device, whether they are used or not. Another option is the implementation of 

fasted On/Off switching of interfaces, for maximum energy savings. 

In summary, C2POWER solutions - either using short range communications, handover between multiple 

RATs, or a combination of both) are successful in saving energy, depending on the variance of channel 

quality and taking advantage of high speed transmission available of current connectivity. This way, 

mobile devices can transmit data in shorter intervals, giving themselves more time to stay in IDLE mode 

(or SLEEP mode if implemented). 
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