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Abstract 

 Deliverable D1.4 entitled ñProject achievements and resultsò describes the work achieved as part of the 

APOGEE project and the corresponding results. For consistency, the report addresses all three work-packages 

separately. However, a dedicated section summarizes the main outcomes of the projects as identified by the 
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4 INTRODUCTION  

Deliverable D1.4 entitled ñProject achievements and resultsò is the last deliverable issued from WP1. This 

deliverable is due to provide a detailed description of both the work carried out in the project and the results 

obtained from those activities. For consistency, this information is provided at the project, workpackages and 

partners levels. To give a more general insight of the project outcome, a dedicated section summarizes the results 

reckoned as the most significant by all partners. 

Deliverable D1.4 is organized as follows: First, Section 5 provides a summary of the project context and 

objectives. Then, sections 6, 7 and 8 describe the project achievements for each workpackage, respectively WP1 

ï ñProject management and general specificationsò, WP2 ï ñOptimization of the systemôs performanceò and 

WP3 ï ñHardware demonstratorò. For each workpackage, the activity is first summarized and then described on 

a partner basis. The last section provides a summary of the most significant projectôs achievements and the main 

deviations from the original plans. 

 

 

 

 

 



APOGEE  D1.4 

© APOGEE 2010. The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to 

thirds without the authorization of the contractors.  11/93 

5 PROJECT SUMMARY  

5.1 General context 
The APOGEE project addressed the evolution of the 3GPP/LTE cellular networks. Cellular systems are facing a 

steady growth of traffic due to an increasing number of subscribers and new services requiring high throughput 

for handling Internet and multimedia content. To complement second generation systems (2G such as GSM) that 

are mainly voice-oriented, the third generation (3G) of cellular systems (UMTS in Europe) is now being actively 

deployed with more than 400 billions of subscribers worldwide. In comparison to 2G systems, 3G networks 

provide a large variety of services including data, the support of several QoS classes and a greater capacity. 

However, it appears that despite the recent deployment of the HSDPA and HSUPA evolutions, 3G networks are 

expected to arrive close to congestion in the coming years. To anticipate those needs, the ITU issued in 2003 a 

recommendation defining the framework and overall objectives of the future development of IMT-2000 (i.e. 3G) 

and systems beyond IMT-2000 (renamed IMT-advanced in 2005), i.e. its vision of a 4G. This deliverable led to 

consultations with the global community in order to establish what should be encompassed in a 4G system. 

Regarding the ITUôs project ambition, it was unlikely to see 4G networks to be deployed before 3G systems 

saturation. For that reason, the 3GPP standardization body undertook in December 2004 a feasibility study for 

the long-term evolution (LTE) of the 3GPP radio-access technology. This pre-normalization activity was 

achieved as part of the ñLTE Study Item on evolved UTRA and UTRANò with the objective ñto develop a 

framework for the evolution of the 3GPP radio-access technology towards a high-data-rate, low-latency and 

packet-optimized radio-access technologyò. The feasibility study was turned into a work item (actual 

standardization) in September 2006 resulting in the approval of a first set of Technical Specifications in January 

2008. The standards were officially ratified as the Release 8 of the 3GPP standards in December 2008 [4]. First 

deployments of LTE networks are expected from 2010 in Japan. To allow for a large approval and quick 

adoption, LTE specifications have been incorporated in the IMT-2000 family end of 2009. They are thus 

formally part of the 3G family though LTE appears more as a 3.9G or pre-4G as the LTE already fulfill some of 

the ITU requirements for IMT-Advanced. 

Meanwhile, the ITU has been refining its definition of the IMT-advanced concept with the publication in 2006 of 

the resolution ITUïR 57 that establishes the guidelines and principles for the Process of Development of IMT-

Advanced and also the actual selection of qualifying technologies for a 4G future. This activity finally led to a 

call for submission of proposals for candidate radio interface technologies for the terrestrial components of the 

radio interface(s) for IMT-Advanced in March 2008. As a strong and active actor within ITU, 3GPP decided in 

2007 to candidate for the IMT-Advanced radio access. Just as for the LTE, a feasibility study was initiated in 

March 2008 and a first set of 3GPP requirements on LTE-Advanced (formal name: advanced 

EȤUTRA /Advanced E-UTRAN) was approved in June 2008. The planning of the 3GPP LTE-A was defined so 

as to closely match the one of the ITU. A complete proposal was submitted to ITU-R in May 2009 and a final 

proposal in September 2009, one month before the closure of the ITU call for submission. LTEȤA is intended to 

be an evolution of Release 8 EȤUTRA and EȤUTRAN. It should be included in Release 10 of the 3GPP standards 

by the end of 2010 close to the release by the ITU of the radio interface specification Recommendations 

expected in February 2011.  

The rather massive implication of the industry in favor of LTE already forced one major contributor to another 

alternative to align on the LTE-A process. Indeed, Qualcomm, leader of the 3GPP2 consortium (CDMA2000 3G 

solution) decided in October 2008 to stop supporting its Ultra Mobile Broadband (UMB) technology to back 

LTE despite plans for enhancing the UMB (3GPP2 LTE counterpart) released in September 2007. Following this 

withdrawal, only two candidate solutions are still in the process of submission to the IMT-advanced call, the 

LTE-A and the so-called Gigabit WiMax [5] pushed by a recent actor in mobile networking, the WiMax Forum. 

Six proposals have actually been submitted to ITU but all are based on either LTE or WiMax. The WiMax 
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Forum is a consortium that has been established to push for the market adoption of the IEEE 802.16 standard 

focusing on Broadband Wireless Access (BWA) for WMAN. The original version of WiMax was meant to 

provide a broadband wireless access to areas with few or poor wired infrastructures. The original standard was 

amended in 2003 in a version dubbed 802.16a to a more general context with NLOS transmission. The so-called 

Fixed WiMax is now considered as an extension of WiFi to provide to fixed and nomadic users over large 

distances.  

A significant step was reached with the adoption in 2005 of the 802.16e standard enabling the mobility of the 

terminals up to 120 km/h with the support of roaming between fixed and mobile networks. Mobile WiMax could 

then be considered as a potential alternative to cellular systems. In that purpose, Mobile WiMax was submitted 

to ITU and became a 3G standard (IMT-2000 OFDMA TDD WMAN) in June 2007, i.e. one year before LTE. 

For the first time, ITU has approved a non-cellular telecommunications technology as part of the union's 3G 

standards. It was therefore possible for operators to deploy WiMax systems in 3G spectrum. With similar 

specifications, Mobile WiMax could challenge the LTE standard by an early deployment. Mobile WiMax 

effectively came on the scene in 2006 with South Koreaôs WiBro. But, delays both in the WiMax certification 

process and in the deployment of the Sprint/Clearwire networks in the USA slowed down the commercial 

penetration of Mobile WiMax solutions. 

Another weakness of WiMax is the lack of support of roaming with 3G networks while it is a native feature of 

LTE. But, the acceptance of WiMax as a 3G standard made possible its inclusion in the ITU's 4G (IMT-

Advanced) process. As early as December 2006, the IEEE 802.16 Working Group initiated a new project 

designated 802.16m in the purpose of submitting a WiMax solution to an IMT-Advanced proposal. This 

standard also called Gigabit WiMax amends the IEEE 802.16 specification to provide an advanced air interface 

for operation in licensed bands. It meets the cellular layer requirements of IMT-Advanced next generation 

mobile networks. To avoid the limitation of Mobile WiMax, the new standard is due to be interoperable with 

IEEE 802.11, 3GPP GSM/EDGE, UMTS WCDMA, 3GPP2 CDMA2000 and 3GPP LTE. The planning is pretty 

similar to the one of the LTE-Advanced with a specification draft ready by end of 2008, an initial proposal 

submitted to ITU in January 2009 and a last one in September 2009. 

So far, LTE-A and Gigabit WiMax appears as competitors in the 4G perspective. But, it remains to conduct the 

deployment of Mobile WiMax and LTE networks. Those networks are not expected to represent a significant 

portion of total 2G/3G cellular subscriptions in the early 2010. HSPA may also turn into 802.16e WiMaxôs true 

competitor, and may delay LTE roll-outs. Above all, it already appears that LTE-A and Gigabit WiMax may be 

made compatible in the IMT-Advanced process. But this is still far away from being considered by the different 

actors that are sometimes involved in both solutions. 

5.2 Main focus and initial objectives 
At the time the APOGEE project was launched, the 3GPP was finalizing the specifications of the LTE mobile 

wireless technology to be included in Release 8 of the 3GPP standards. Work was also carried out to prepare the 

specifications of the LTE-Advanced system targeting the Release 10 of the standards. In between, it was planned 

to refine and complement the LTE specifications with an intermediate release before LTE-A. The LTE system 

was not defined as an evolution of UMTS but as a new technology. The first version meets the LTE 

requirements but many aspects can still be optimized while some issues have simply not yet been addressed. The 

main goal of the ANR APOGEE project was to propose study and validate new technologies in the purpose of 

supporting the evolution of the LTE standard. The APOGEE project mainly concentrated on the physical and 

medium access mechanisms (PHY and MAC) for uplink transmissions, from the user equipment to the base 

station. APOGEE was indeed a follow-up of the RNRT OPUS project that was devoted to the optimization of 

the downlink transmission. As a continuation of OPUS, studies were also carried out as part of APOGEE to 

further optimize downlink transmissions. A key feature of the APOGEE project was the development of a real-

time air-interface demonstrator in the purpose of validating in realistic conditions a selected set of advanced 

solutions. Another objective of this demonstrator was to evaluate the complexity requirements for the 

implementation of terminals compliant with the basic LTE specifications. Finally, it was planned to combine the 

APOGEE prototype with the OPUS platform to demonstrate a complete system with over-the-air transmission in 

downlink and uplink. 

More specifically it was expected from the APOGEE project to significantly contribute on the following topics: 

¶ Definition of a link adaptation mechanism providing good performance in a multi-user context while 

keeping a reasonably low complexity. 
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¶ Definition of different MIMO encoding schemes (and associated decoding algorithms) compatible with the 

different transmission scenarios (correlated and un-correlated channels, user closed to the base station or 

located on cell edges) and robust to channel estimation errors. 

¶ Validation of the aforementioned techniques in an uplink over-the-air real time demonstrator with 

achievement of the LTE requirement of 2.5 bit/s/Hz for spectral efficiency. 

5.3 Project organization 
The project started in February 2008 (T0) for a total duration of 26 months up to March 2010. As shown on 

Figure 5-1, the project was divided into three work-packages briefly introduced below: 

1. Workpackage 1 - ñProject management and general specificationsò  

¶ The main task of WP1 was to coordinate the activity of the project, to control and encourage the 

collaboration between WP2 and WP3, to report to the ANR and to organize the dissemination. WP1 

was also due to elaborate the general specifications of the demonstrator. 

¶ Partners: All 

¶ Duration: T0 to T0+26 

2. Workpackage 2 - ñOptimization of the systemôs performanceò 

¶ The first task of WP2 was based on the WP1 basis to select, specify and validate the algorithms to 

be implemented in the demonstrator. A common simulation platform was developed to serve as a 

reference material for WP3 activities. WP2 was also due to carry on advanced studies both on link 

and system level to optimize independently and jointly the uplink and downlink systems. 

¶ Partners: All 

¶ Duration: T0 to T0+26 

3. Workpackage 3 - ñHardware demonstratorò 

¶ WP3 was due to implement, validate and evaluate a real-time over-the-air demonstrator of the 

uplink system as specified in WP1 and WP2 

¶ Partners: All 

¶ Duration: T0+4 to T0+26 

Table 5-1 depicts the initial planning of the project with the corresponding milestones and deliverables. 
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Figure 5-1 : Project organization. 
 

Tasks 2008 2009 2010
2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3

WP1 - Project management and general specifications

T1.1 - Projet management L1.3 L1.4

T1.2 - Defintion of scenarios and evaluation criteria L1.1 L1.2

T1.3 - Synthesis of the 3GPP/LTE activity

WP2 - Optimization of the system's performance

T2.1 - Specifications of the PHY/MAC algorithms (WP3) L2.1 L2.2

T2.2 - Dvpt/Integration of a reference simulator J0 J1

T2.3 - Studies of advanced PHY algorithms L2.3

T2.4 - System studies L2.3

WP3 - Hardware demonstrator

T3.1 - Specification of the demonstrator J1 J2

T3.2 - Implementation of the RF front-ends J5

T3.3 - Implementation of the PHY baseband modules J3

T3.4 - Implementation of the MAC layer J4

T3.5 - Integration of the uplink J6

T3.6 - Integration of the full demonstrator (UL/DL)  

Table 5-1 : Gantt diagram of the APOGEE project. 
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T3.5: Integration of the UL 

demonstrator 
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T2.4: System studies 
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T1.2: Definition of the 
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T1.1: Project management 

T1.3: Synthesis of the 

3GPP/LTE activity 

WP3: Hardware 
demonstrator 

 

WP2: Optimization of 

the system perf. 

WP1: Management and 
general specifications 
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6 WORKPACKAGE 1 - ñPROJECT MANAGEMENT 

AND GENERAL SPECIFICATIONSò 

 

6.1 Overall results 

6.1.1 Workpackage objectives 
This Work Package dealt with the management of the project as well as its general specifications. WP1 was 

divided into three activities.  

The first activity was related to the project management. Within this scope, the following activities were carried 

out: coordination of the activities, organization of the plenary meetings as well as dissemination of the results. 

Technical management task was undertaken by CEA-LETI while MERCE is the coordinator of the project.  

MERCE was responsible for the reporting to ANR. 

The second activity dealt with the definition of evaluation scenarios and the evaluation criteria for the multiple 

access (SC-FDMA) and MIMO techniques simulated in WP2 and implemented in WP3. The aim of this activity 

was to identify the objectives relevant to the context of the project (PHY and MAC layers of air-interface), the 

demonstration scenarios for the prototype and the simulation scenarios for both the System and Link Level 

Evaluation platforms. Furthermore this activity aimed at defining the criteria for performance evaluation, as well 

as the main system parameters. All partners contributed to this task.  

The third activity, which dealt with the synthesis of 3GPP/LTE activities, was led by MERCE and Orange Labs 

that both attend 3GPP/LTE standardization meetings. The initial outcome of this task was to identify the 

techniques most likely to be retained in the first release of 3GPP/LTE (Release 8) and thus the key issues left for 

innovation. MERCE and Orange Labs released synthesis reports on the 3GPP meetings during the whole 

duration of the project in the purpose of validating the relevance of the solutions studied in APOGEE and to 

align simulators and the prototype as close as possible to future releases of 3GPP/LTE. 

As previously mentioned, WP1 was divided into 3 tasks recalled below with the corresponding schedule: 

T1.1 ï Project management (01/02/08 ï 31/03/10) 

T1.2 ï Definition of the scenario and evaluation criteria (01/02/08 ï 31/05/08) 

T1.3 ï Synthesis of the 3GPP/LTE activities (01/02/08 ï 31/03/10) 

6.1.2 Progress towards objectives 
The first and third activities were scheduled during the whole duration of the project while the second activity 

started at T0 and ended at T0+5. Within this latter, Deliverables D1.1 ñTechnical syntheses and objectives given 

by 3GPP/LTEò [9] and D1.2 ñDefinition of scenarios and evaluation criteriaò [10] were issued. WP1 handled the 

definition of evaluation scenarios for the demonstrator and the simulators, as well as the evaluation criteria. A 

WP1 phone conference was dedicated to the definition of these specifications and the system parameters 

(11/04/2008), while taking into account the limitations of the prototype. Within the first activity, Deliverables 

D1.3 ñProject status and achievementsò [11] and D1.4 ñproject achievements and resultsò were issued, 

presenting the results obtained during the project.  
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6.1.3 Deviations from the project workprogram 
There was no deviation from the project workprogram. 

6.1.4 Results 
Within WP1, MERCE and Orange Labs provided alternately the reports on the discussions held in the 

3GPP/RAN1&2 plenary meetings. This task allowed partners to better understand the technical choices made by 

the 3GGP consortium as well as to adapt prototyping choices to these decisions (chunk size, bandwidth, TTI 

duration é). The discussions held during the LTE-Advanced meetings were also reported, allowing the partners 

to understand the future evolutions of LTE, e.g. relaying, coordinated multipoint transmission and reception 

CoMP, MIMO extension, bandwidth extension é Furthermore, CEA-LETI, MERCE and Orange Labs co-wrote 

Deliverable D1.1 [9] that gives a synthesis on the discussions and objectives issued from 3GPP/LTE working 

group. Then all partners co-wrote Deliverable D1.2 [10], which aims at defining the scenarios and criteria 

evaluation for simulations at both link and system levels, as well as the demonstration scenario for the prototype, 

along with the main system parameters (see Section 7.1.3 for further details).  

Thus, the main outcome of this WP is the extraction of the key parameters, the evaluation criteria and the 

targeted performance used by studies carried out within WP2 and WP3. This work served as a basis for the 

selection of PHY/MAC algorithms within WP2 and helped defining the architecture of the prototype within 

WP3. The studied frame structure is given in Figure 6-1 and Figure 6-2 while the adopted key parameters are 

reminded in Table 6-3 and Table 6-2. 

 

#0 #1 #2 #3 #19#18

One radio frame, Tf = 307200Ts = 10 ms

One slot, Tslot = 15360Ts = 0.5 ms

One subframe
 

Figure 6-1: Frame structure Type 1. 

 

 One uplink slot, Tslot

210

Modulation symbol

2UL
symb-N 1UL

symb-N

2, UL
symb-Nu

a
 

Figure 6-2: Uplink slot structure of the generic frame selected for the prototype. 

 

Carrier frequency 2 GHz 

Duplex Mode FDD 

Symbol duration 66.66 ms 

Short cyclic prefix duration (symbols 1-6 / 7) 4.69 / 5.21 ms 

Total symbol duration 71.35 ms 

Symbol rate 14.014 kHz 
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Sub-carriers spacing 15 kHz 

Bandwidth occupied by 1 RB 180 kHz 

Slot duration 0.5 ms 

Slot rate 2 kHz 

Nb of symbols per slot 7 

Frame duration 10 ms 

Frame rate 100 Hz 

Number of sub-frames in a frame 10 

Resource block allocation 
LRB + slot 

hopping 

Modulation 

QPSK,  

16-QAM,  

64-QAM 

Table 6-1: Basic system parameters. 

 

Channelization bandwidth 20 MHz 

Sampling frequency 30.72 MHz 

Sampling period 32.55 ns 

Number of samples per slot 15360 

FFT size 2048 

Cyclic prefix in samples (symbols 1-6 / 7) 144 / 160 

Symbol in samples (symbols 1-6 / 7) 2192 / 2208 

Number of null sub-carriers 848 

Number of modulated sub-carriers À 1200 

Number of available RBs 100 

Occupied bandwidth 18.0 MHz 

Table 6-2: System parameters for 20 MHz channels. 

À DC sub-carrier is modulated, in order to keep the low PAPR property of the SC-FDMA signal.  

 

At the end of the first year, D1.3 [11] was co-written by all partners in order to highlight the project status and 

achievements while D1.4 was issued at the end of the project to give a flavour of the main project achievements 

and results. This latter deliverable was also co-written by all partners.  

 

Concerning the dissemination, a public web site was developed, that aims at describing the APOGEE project and 

highlighting its main results. It is hosted at URL http://www.openairinterface.org/projects/page1046.fr.htm. The 

project was described in the ANR document ñCahier de lôANR 2009 ï Les technologies génériques pour la 

mobilit®ò and quoted in the monthly report of the French group ñImages et R®seauxò (April 2009).  The project 

and its main results were presented through a poster and an oral session during the French event ñColloque 

STICò held in Paris in January 2010. A demonstration of the hardware testbed was performed during the Future 

Network and Mobile Summit 2010 held in Florence (Italy) on 16-18
th
 June 2010. 

For the exchange of internal documents among partners, a private repository was created at URL 

https://bscw.eurecom.fr/bscw/bscw.cgi/70084.  

During the project duration, several advanced algorithmic studies were carried out within WP2 as well as 

implementation studies within WP3, leading to the following 39 publications including 5 journal papers: 

http://www.openairinterface.org/projects/page1046.fr.htm
https://bscw.eurecom.fr/bscw/bscw.cgi/70084
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1. [Boher et al:isssta08] "Impact of iterative receiver in 3GPP/LTE DL MIMO OFDMA system", L. Boher, 

R. Legouable and R. Rabineau, in proceedings of ISSSTA 08, Bologna, August 2008. 

2. [ChenSlock:icc08] J.-H. Chen and D.T.M. Slock, "Bounds on Optimal End-to-End Distortion of MIMO 

Links", in proceedings of IEEE Int'l Conf. on Communications (ICC), Bejing, China, May 2008. 

3. [ChenSlock:isit08]  J.-H. Chen and D.T.M. Slock, "Orthogonal Space-Time Block Codes for Analog 

Channel Feedback", in proceedings of IEEE Intôl Symp. On Information Theory (ISIT), Toronto, 

Canada, July 2008. 

4. [ChenSlock:pimrc08]  J. Chen, D. T. M. Slock, ñOptimum end-to-end distortion of interleaved 

transmission via a Rayleigh MIMO channelò, IEEE international Symposium on Personal, Indoor and 

Mobile Radio Communications (PIMRC),  Cannes, France, Sept. 2008. 

5. [ChenSlock:globcom08]  J. Chen, D. T. M. Slock, ñOn optimum end-to-end distortion of spatially 

correlated MIMO systemsò, IEEE Global Communications Conference (Globecom), New Orleans, 

USA, Dec. 2008. 

6. [ChenSlock:icassp09] J. Chen, D.T.M. Slock, ñA practical walsh layering scheme for reliable 

transmissionò ICASSP 2009, International conference on Acoustics, Speech and Signal Processing. 

April 19-24, 2009, Taipei, Taiwan. 

7. [SalimSlock: ita08] U. Salim, D.T.M. Slock, ñAsymptotic capacity of underspread and overspread 

stationary time- and frequency-selective channelsò ITA 2008, Information Theory and Applications 

Workshop, January 28-30 2008, San Diego, USA. 

8. [SalimSlock:Al.08] U. Salim, D. Slock, ñBroadcast channel: degrees of freedom with no CSIRò, Allerton 
Conf., Monticello, IL, USA, Sept. 2008. 

9. [SalimSlock:pimrc08_1] U. Salim, D. Slock, ñAsymptotic capacity of underspread and overspread doubly 

selective MIMO channelsò, in Proc. IEEE Intôl Symp. Personal, Indoor and Mobile Radio 

Communications, Cannes, France, Sept. 2008. 

10. [SalimSlock:pimrc08_1] U. Salim, D. Slock, ñMIMO capacity pre-log for flat fading stationary 

channels with no CSIRò, in Proc. IEEE Intôl Symp. Personal, Indoor and Mobile Radio 

Communications, Cannes, France, Sept. 2008. 

11. [SalimSlock:globecom08] U. Salim, D. Slock, ñMultiuser MIMO downlink: multiplexing gain without 

free channel informationò, in Proc. 4th IEEE Broadband wireless access (BWA) workshop (at 

GLOBECOM), New Orleans, USA, 2008.  

12. [SalimSlock:wcnc09] U. Salim, D.T.M. Slock, ñMulti-user diversity gain for oblivious and informed 

users in downlink channelsò WCNC 2009, IEEE Wireless Communications and Networking 

Conference, April, 5-8, 2009, Budapest, Hungary. 

13. [SalimSlock:iswcs09] U. Salim, D.T.M. Slock, ñHow many users should inform the BS about their 

channel Information?ò ISWCS 2009, 6th International Symposium on Wireless Communication 

Systems, September 7ï10, 2009, Siena, Italy. 

14. [SalimSlock:globecom09_1] U. Salim, D. Gesbert, D.T.M. Slock, Z. Beyaztas, ñHybrid 

pilot/quantization-based feedback in multi-antenna TDD systemsò GLOBECOM 2009, IEEE Global 

Communications Conference, November 30-December 4, 2009, Hawai, USA. 

15. [SalimSlock:globecom09_2] U. Salim, D.T.M. Slock, ñTransmission strategies and sum rate 

maximization in multi-user TDD systemsò GLOBECOM 2009, IEEE Global Communications 

Conference, November 30-December  4, 2009, Hawai, USA. 

16. [SalimSlock:asilomar09] U. Salim, D.T.M. Slock, ñPerformance of different user selection algorithms 

for transmit power minimizationò Asilomar 2009, 43rd Asilomar Conference on Signals Systems and 

Computers, November 1-4, 2009, Asilomar, California, USA.  

17. [OmarSlock:spawc09] S. Omar, D.T.M. Slock, ñStructured spatio-temporal sample covariance matrix 

enhancement with application to blind channel estimation in cyclic prefix systemsò in Proc. IEEE 

SPAWC, March 2009. 

18. [OmarSlock: icassp10]  S. Omar, D.T.M. Slock, O. Bazzi, ñReceiver Diversity with Blind FIR SIMO 

Channel Estimatesò in Proc. IEEE ICASSP, March, 2010, Dallas, TX, USA. 
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19. [OmarSlock: isccsp10_1]  S. Omar, D.T.M. Slock, O. Bazzi, ñReceiver Diversity with Blind and Semi-

Blind FIR SIMO Channel Estimatesò in Proc. IEEE ISCCSP, March, 2010, Limasol, Cyprus.  

20. [OmarSlock: isccsp10_2]  S. Omar, D.T.M. Slock, ñVariational Bayesian Blind and Semi-blind 

Channel Estimationò in Proc. IEEE ISCCSP, March, 2010, Limasol, Cyprus 

21. [OktemSlock: icassp09] T. Oktem, D.T.M. Slock, ñLinear receivers for frequency-selective MIMO 

channels with redundant linear precoding can achieve full diversityò ICASSP 2009, International 

conference on Acoustics, Speech and Signal Processing. April 19-24, 2009, Taipei, Taiwan, pp 2841-

2844. 

22. [Slock:eusipco08] D. Slock, ñDiversity-Multiplexing Tradeoff of simplified receivers for frequency-

selective MIMO channelsò, in proc. European Signal Processing Conf. (EUSIPCO), Lausanne, 

Switzerland, Aug. 2008. 

23. [Assaad:vtcfall08] Mohamad Assaad, ñOptimal Fractional Frequency Reuse (FFR) in Multi-cellular 

OFDMA System,ò in Proc. of the 68th IEEE Vehicular Technology Conference (fall), Calgary, Canada, 

Sept. 2008. 

24. [Assaad:wirelessDays08] Mohamad Assaad, ñFrequency-Time Scheduling for Streaming Services in 

OFDMA system, IFIP Wireless Days Conference, Dubai, United Arab Emirates, Nov. 2008. 

25. [HassanAssaad:spawc09] Naveed Ul Hassan and Mohamad Assaad, ñJoint Flow Control and Physical 
Resource Allocation in Multiservice OFDMA Systemsò 10th IEEE Intôl Workshop on Signal 

Processing Advances in Wireless Communications (SPAWC), July, 2009.  

26. [HassanAssaad:icict09] Naveed Ul Hassan and Mohamad Assaad, ñOptimal Fractional Frequency 
Reuse FFR and resource allocation in OFDMA Systemsò, in proc. Of IEEE ICICT conference, India, 

August, 2009.  

27. [HassanAssaad:wcnc10]: Naveed Ul Hassan and Mohamad Assaad, ñEnergy Efficient Causal Packet 

Scheduling in Wireless Fading Channels with Hard Delay Constraintsò, IEEE International conference 

on wireless communications and Networking (WCNC), Sydney, Australia, 16-20 April, 2010. 

28. [HassanAssaad:icc10]: Naveed Ul Hassan and Mohamad Assaad, ñTime Scheduling, Subcarrier and 
Power Allocation in Multi-Service Downlink OFDMA Systemsò, IEEE International conference on 

communications (ICC), cape town, south Africa, May 23-27, 2010.  

29. [AyoubAssaad:icc10]: Hassan Ayoub and Mohamad Assaad, ñScheduling in OFDMA Systems With 
Outdated Channel Knowledgeò, IEEE International conference on communications (ICC), cape town, 

south Africa, May 23-27, 2010.  

30. [HassanAssaad:spawc10]: N. Ul Hassan and M. Assaad,ò Optimal Downlink Beamforming and 

Resource allocation in MIMO-OFDMA systems,ò 11th IEEE Intôl Workshop on Signal Processing 

Advances in Wireless Communications (SPAWC), June, 2010. 

31. [Calvanese_et_al:vtcspring09] E. Calvanese Strinati, G. Corbellini and D. Kt®nas, ñHYGIENE 

Scheduling for OFDMA Wireless Cellular Networksò, IEEE VTC Spring 2009, Barcelona, Spain, 26-

29th April 2009. 

32. [Clermidy_et_al:dsd09] F. Clermidy, R. Lemaire, X. Popon, D. Kt®nas and Y. Thonnart, ñAn open and 

reconfigurable platform for 4G Telecommunication: concepts and applicationò, IEEE 12
th
 

EUROMICRO Conference on Digital System Design,  Architecture, Method and Tools, Patras, Greece, 

27-29 August 2009. 

33. [Gorgoglione_et_al:isita10] M. Gorgoglione, V. Savin, and D. Declercq, ñOptimized puncturing 

distributions for irregular non-binary LDPC codesò, IEEE Int. Symp. Inform. Theory and Applications 

(ISITA), Taichung, Taiwan, October 2010.* 

34. [Ciochina_et_al:pimrc09] C. Ciochina, D. Mottier, D. Castelain, H. Sari, ñMapping techniques for 

transmit diversity precoding in SC-FDMA systems with four transmit antennas,ò 20th Commemorative 

Personal, Indoor and Mobile Radio Communications Symposium (PIMRC'09), 13-16 September 2009, 

Tokyo, Japan. 

35. [Anouar_etal:sigmetrics08] H. Anouar, C. Bonnet, D. Camara, F. Filali, R. Knopp, ñAn Overview of 

OpenAirInterface Wireless Network Emulation Methodologyò, ACM SIGMETRICS Performance 

Evaluation Review, Vol.36, N°2, Sept. 2008, pp 90-94.  
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36. [ChenSlock:JWCN09] J. Chen and D.T.M. Slock, "On Optimum End-to-End Distortion of MIMO 

Systems", EURASIP Journal on Wireless Communications and Networking (JWCN), 2009. 

37. [SalimSlock:JASP10] U. Salim and D.T.M. Slock, "How much Feedback is Required for TDD Multi-

Antenna Broadcast Channels with User Selection?", EURASIP Journal on Advances in Signal 

Processing (JASP), to appear, 2010. 

38. [Ciochina_et_all:TWC] C. Ciochina, D. Castelain, D. Mottier and H. Sari, ñNew PAPR-Preserving 

Mapping Methods for Single-Carrier FDMA with Space-Frequency Block Codes,ò accepted for 

publication to IEEE Transactions on Wireless Communications, 2009. 

39. [Assaad:JWCN2010]: N. Ul Hassan and M. Assaad, ñAdaptive Resource Allocation with Strict Delay 

Constraints in OFDMA system,ò EURASIP Journal on Wireless Communications and Networking 

(JWCN), to appear, 2010. 

Furthermore, the following contributions were done during the 3GPP/LTE-Advanced meetings: 

- [Orange 1:09] Orange, Nokia, Nokia Siemens Networks and Texas Instruments, "Performance prediction 

of turbo-SIC receivers for system-level simulations", 3GPP R1-090919, Feb 2009, Athens, Greece.  

- [Orange 2:09] Orange ñEvaluation scenarios for indoor relaysò, 3GPP R1-094987, Nov 2009, Jeju, 

Korea. 

- [Orange 3:09] Orange ñCoMP with limited backhaul capabilitiesò, 3GPP R1-094988, Nov 2009, Jeju, 

Korea. 

6.1.5 List of Milestones and Deliverables 

 

 
Milestones Planned Actual  

M3.1 Description of the main system parameters and definition of 

evaluation scenarios 
01/06/08 13/06/08 

Table 6-3: List of WP1 milestones 

 

 
Deliverables Planned Actual  

D1.1 Technical syntheses and objectives given by 3GPP/LTE 01/03/08 14/03/08 

D1.2 Definition of scenarios and evaluation criteria 01/06/08 13/06/08 

D1.3 Project status and achievements 01/02/09 18/02/09 

D1.4 Final project status and achievements 01/04/10 22/09/10 

Table 6-4: List of WP1 deliverables. 
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6.2 CEA-LETI achievements 
T1.1 ï Project management (01/02/08 ï 31/03/10) 

CEA-LETI was involved in the technical management of the project. As WP1 technical leader, LETI 

coordinated the activities and elaborated the planning of the project. It also organized the QPMs and participated 

in the redaction of the minutes.  

As a part of the dissemination, CEA-LETI defined the contents of the web pages of the APOGEE project, hosted 

by Eurecom at URL http://www.openairinterface.org/projects/page1046.fr.htm. CEA-LETI also participates in 

the elaboration of a poster and the slides intended to highlight the main results of the project, presented during an 

oral session of the French event ñColloque STICò held in Paris in January 2010. 

Eventually, CEA-LETI contributed to Deliverables D1.3 [11] and D1.4, by coordinating the SP1 section of 

these deliverables and describing LETIôs achievements and results. 

 

T1.2 ï Definition of the scenario and evaluation criteria (01/02/08 ï 31/05/08) 

CEA-LETI was the editor and contributor of the first two deliverables of WP1: 

- Deliverable D1.1 ñTechnical syntheses and objectives given by 3GPP/LTEò [9]. LETIôs contributions 

mainly dealt with 3GPP/LTE UL objectives and procedures related to PHY/MAC layers (e.g. link 

adaptation and HARQ). 

- Deliverable D1.2 ñDefinition of scenarios and evaluation criteriaò [10]. LETI was involved in the 

definition of the reference scenarios for system level simulation and in the methodology related to 

performance evaluation at both link/system levels.  LETI also contributed to the definition of 

demonstration scenarios for the prototype and the criteria for its evaluation.  

 

T1.3 ï Synthesis of the 3GPP/LTE activities (01/02/08 ï 31/03/10) 

As specified in the technical annex, CEA-LETI did not contribute to this task.  

6.3 EURECOM achievements 
T1.2 ï Definition of the scenario and evaluation criteria (01/02/08 ï 31/05/08) 

Eurecom contributed to Deliverable D1.2 ñDefinition of scenarios and evaluation criteriaò [10]. In particular, 

Eurecom participated to the specification of the methodology of performance assessment, through Eurecomôs 

OpenAirInterface system simulator/emulator, with its PHY Abstraction Unit. 

6.4 MERCE achievements 
T1.1 ï Project management (01/02/08 ï 31/03/10) 

As coordinator of the APOGEE project, MERCE handled the discussions about the project consortium 

agreement (PCA). A consensus was reached on the 10
th
 of October for a delivery to ANR on due time. The 

official agreement from the ANR was received on the 3
rd
 of December 2008.  

MERCE was the editor of the three bi-annual report delivered to ANR along with the deliverables produced over 

the corresponding periods respectively on the on the 9
th
 of October 2008, the 30

th
 of April 2009 and the 21

st
 of 

October 2009. MERCE also supervised the redaction of Deliverable D1.3 [11] entitled ñProject Status and 

achievementsò delivered on the 18
th
 of February 2009. 

Dealing with dissemination, MERCE handled the redaction of a description of the APOGEE project to be 

included in the first issue of the future ANR collection. The APOGEE contribution was delivered on the 20
th
 of 

November 2008. MERCE was interviewed to provide the material for a description of the APOGEE project in 

the April 2009 monthly report of the Media and Networks cluster. MERCE supervised the redaction of the poster 

http://www.openairinterface.org/projects/page1046.fr.htm
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and the slide set for the presentation of APOGEE at the ANR colloquium held on the 5-7 of January 2010 in 

Paris. 

As WP1 leader, MERCE supervised the redaction and the delivery of the deliverables. 

As WP3 leader, MERCE participated to the organization of the QPM and to the redaction of the minutes. 

 

T1.2 ï Definition of the demonstration scenario and evaluation criteria (01/02/08 ï 31/05/08) 

Thanks to its implication in the 3GPP consortium, MERCE played an active role in the compilation and the 

synthesis of the discussions and outcomes issued from the standardization of the 3GPP/LTE system. As part of 

this activity, MERCE provided alternately with Orange Labs a report on the discussions held in the 3GPP/RAN1 

plenary meetings starting with the meeting held in Sorrento, Italy, February 11-15, 2008 (D1.1.1). Then, 

MERCE contributed to the redaction of the D1.1 deliverable [9] that provides a summary of the 3GPP/LTE 

uplink system. This document served as a reference material both for the general specification of the 

demonstrator to be implemented as part of WP3 and the selection of the advanced techniques to be studied as 

part of WP2. The goal was in particular to identify the objectives relevant to the context of the project (PHY and 

MAC layers of air-interface). At that time, the standardization of the uplink was not yet complete. The goal of 

this initial survey was also to identify the techniques most likely to be retained in the first release and thus the 

room left for innovation. MERCE proposed to study and to implement the advanced SC-SFBC MIMO scheme 

that was pushed in standardization for release 10 of the LTE. The SC-SFBC code is an evolution of the Alamouti 

scheme compliant with the low fluctuation of the SC-FDMA signals envelope. It was finally decided in 

November 2009 that no MIMO schemes based on diversity would be supported except if a clear performance 

gap is demonstrated against the long-term beamforming solution. 

More generally, MERCE contributed to the definition of the demonstrator main specifications in a process 

involving WP1, WP2 and WP3. Once the global specifications selected, MERCE contributed to the redaction of 

D1.2 deliverable [10] that defines the demonstration scenarios for the prototype and the criteria for its 

evaluation.  

T1.3 ï Synthesis of the 3GPP/LTE activities (01/02/08 ï 31/03/10) 

After the completion of the specification process, MERCE and Orange Labs agreed to continue releasing 

synthesis reports on the 3GPP meetings in the purpose of validating the relevance of the solutions studied in 

APOGEE (D1.1.3 - RAN1 #53 - May 2008, D1.1.5 - 3GPP RAN1 #54 - August 2008, D1.1.7 - 3GPP RAN1#55 

- November 2008, D1.1.9 - RAN1 #56 - February 2009, D1.1.11 - RAN1 #57 - May 2009, D1.1.13 - RAN1 #58 

ï August 2009 and D1.1.15 - RAN1 #59 ï November 2009). 

6.5 ORANGE LABS achievements 
T1.1 ï Project management (01/02/08 ï 31/03/10) 

Orange Labs being in charge of the WP2 of the APOGEE project, it participated to the organization of the QPM 

and to the redaction of the minutes. 

 

T1.2 ï Definition of the demonstration scenario and evaluation criteria (01/02/08 ï 31/05/08) 

Owing to its participation to the 3GPP standardization meeting, Orange Labs played an active role in the 

compilation and the synthesis of the discussions and outcomes issued from the standardization of the 3GPP/LTE 

system. In that way, Orange contributed actively to the redaction of the D1.1 deliverable [9] that provides a 

summary of the 3GPP/LTE uplink system. As mentioned in Section 6.4, D1.1 served as a reference material both 

for the general specification of the demonstrator to be implemented as part of WP3 and the selection of the 

advanced techniques to be studied as part of WP2.  

Then, Orange Labs contributed to the redaction of the D1.2 deliverable [10] that defines the demonstration 

scenarios for the prototype and the criteria for its evaluation.  

Orange Labs also participates to the editing of Deliverables D1.3 [11] and D1.4, making the status and 

achievements of the project and more especially of the WP2. 
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T1.3 ï Synthesis of the 3GPP/LTE activities (01/02/08 ï 31/03/10) 

Orange Labs is in charge (with MERCE) to give feedbacks on the course of the 3GPP/LTE RAN1/RAN2 

meetings. Orange Labs also carried out contributions during the LTE-Advanced meetings. 3 contributions have 

been done: 

- R1-090919 about ñPerformance prediction of turbo-SIC receivers for system-level simulations ñ 

- R1-094987 about ñEvaluation scenarios for indoor relays ñ 

- R1-094988 about  ñCoMP with limited backhaul capabilitiesò 

 It has been agreed to make announcements to the APOGEE partners about the main discussions and 

evolutions carried out during these meetings via synthesis report writing. Then, Orange Labs was in charge 

of the following reports: 

- D1.1.2 - 3GPP RAN1 #52bis meeting - Shenzhen, China, March 31th to April 8
th
 2008  

- D1.1.4 - 3GPP RAN1 #53bis meeting - Warsaw, Poland, June 30th to July 4
th
 2008 

- D1.1.6 - 3GPP RAN1 #54bis and RAN2#63bis - Prague, Czech Rep, September 29th to October 3
rd
 2008 

- D1.1.8 - 3GPP RAN1 #55bis meeting in Ljubljana ï Slovenia ï 12
th
 to 16th January 2009 

- D1.1.10 - 3GPP RAN1 #56bis meeting in Seoul - Korea, from 22th to 26th of March 2009 

- D1.1.12 - 3GPP RAN1 #57bis meeting in Los Angeles ï USA  - from 29th of June to 3rd of July 2009 

- D1.1.14 - 3GPP RAN1 #58bis meeting in Miyazaki ï Japan - from 12th to 16th of October 2009 

- D1.1.16 - 3GPP RAN1 #59bis meeting in Valencia ï Spain ï from January 18th to 22th 2010 

6.6 SUPELEC achievements 
T1.2 ï Definition of the scenario and evaluation criteria (01/02/08 ï 31/05/08) 

SUPELEC contributed to D1.2 deliverable ñDefinition of scenarios and evaluation criteriaò [10]. In particular, 

SUPELEC participated to the specification of the reference scenarios as well as the definition of the performance 

evaluation methodology and metrics for system level simulations. 

6.7 TEAMCAST achievements 
T1.2 ï Definition of the scenario and evaluation criteria (01/02/08 ï 31/05/08) 

TEAMCAST contributed to the redaction of the D1.2 deliverable ñDefinition of scenarios and evaluation 

criteriaò [10]. Thus, TEAMCAST brought its knowledge of the RF system (more particularly in Broadcast 

domain) in order to define the main characteristics of the RF Tx and Rx front-ends for the prototype (MER, 

phase noise, shoulders).  
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7 WORKPACKAGE 2  ï ñOPTIMIZATION OF THE 

SYSTEMôS PERFORMANCEò 

 

7.1 Overall results 
WP2 aims at optimizing the system performance as well at the physical and MAC layers. Then, the main 

objectives of the WP2 are: 

- To select and specify the algorithms to implement for the uplink (UL) SC-FDMA transmission at the link 

and system layers, from the criteria, parameters and scenarios defined in the WP1. The first objective of the 

WP2 was to provide to the WP3 a software simulation platform that will serve as reference to the hardware 

validation developments. Then, from this reference chain, some advanced PHY and MAC algorithms are 

proposed to globally optimize the system spectral efficiency in order to achieve and/or exceed the 

requirements specified by the WP1;  

- Then, the WP2 aims at researching advanced algorithms to improve the requirements specified by the 

3GPP/LTE. These improvements address the UL SC-FDMA system at the physical and system levels but 

also the DL OFDMA system level performance. Among the advanced studies that are proposed, we can 

mentioned: 

o At the link level: robust channel coding schemes such as duo binary turbo codes, low density parity 

check (LDPC) codes, several MIMO techniques aiming at increasing the system throughput and/or the 

diversity, study of pre-corrected algorithms for non-linear amplifiers, advanced MAP-DFE receiver 

for SC-FDMA, etc. 

o At the system level: SC-FDMA link and system interface for link adaptation optimization, advanced 

MAC layer scheduling for resource allocations. 

These advanced studies aim at proposing new techniques that could be pushed in future specifications of the 

3GPP/LTE standard (LTE-Advanced standard). 

Within the WP2, 4 main tasks have been specified: 

T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

T2.2 ï Development of a reference simulation chain (01/07/08 ï 31/03/09) 

T2.3 ï Study of advanced PHY algorithms (01/11/08 ï 31/03/10) 

T2.4 ï System studies (01/11/08 ï 31/03/10)  

7.1.1 Progress towards objectives 
About the T2.1 work progress, the D2.1 deliverable "PHY/MAC functionalities definition of the UL 

demonstrator"  [12] has been provided in Sept. 2009. Following the software integration, an update of the 

deliverable has been provided the 15
th
 of December at the same time of the first package of the V0 simulator. 

This V0 simulator corresponds to the first milestone M0 (M0). The software integration has been carried out by 

Orange Labs with the Galacsy tool that is a digital communications simulator that has been developed by Orange 

Labs and that has been put at the disposal of all partners. After this first important phase, essential for the starting 

of the hardware developments within the WP3, some advanced modules have been integrated in the V1 

simulator and specified in the D2.2 deliverable "Advanced PHY/MAC functionalities definition of the UL 

demonstrator"  [13]. The V1 simulator has been provided in time in the beginning of April 2009 (milestone 

M1). As some bugs have been encountered with the V1 simulator, another and final V2 simulator (M2) has been 

https://bscw.eurecom.fr/bscw/bscw.cgi/d97763/APOGEE_L2.1.pdf
https://bscw.eurecom.fr/bscw/bscw.cgi/d94085/APOGEE_MaJ_161208.gz
https://bscw.eurecom.fr/bscw/bscw.cgi/d111207/Simulateur%20V1
https://bscw.eurecom.fr/bscw/bscw.cgi/d118612/APOGEE%20V2
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provided to the consortium in the beginning of June 2009 with some updates. In consequence, the D2.2 

deliverable [13] has also been updated regarding to the software corrections. The main achievement of these 

software simulators is their use for the hardware prototype developments in the WP3.  

In parallel to the development/integration of the simulators, all partners have worked on the proposals of 

advanced PHY and system level studies. Several technical contributions have been presented during the 

APOGEE meetings. All the work specified during T2.3 and T2.4 is described within the D2.3 deliverable 

"Performance of advanced PHY/MAC studies for multi-antenna SC-FDMA and OFDMA systems"  [14] 

that makes a synthesis about the main advanced studies performed at the link and systems levels. This 

deliverable ends the work carried out within the WP2.  

Among the link level research studies, we can classify the research studies in 3 classes:  

- Channel coding, Interleaving, allocations strategies; 

- The MIMO component represents the main contributions about advanced physical research topic; 

- Some adaptive pre-correcting RF algorithms have also been studied. 

Among the system level research studies, different topics have been studied that can also be classified in 3 

different classes: 

- Resource allocation strategies as well for the OFDMA DL as for the SC-FDMA UL; 

- Optimization of DL/UL resources allocation; 

- Method for prediction of advanced receiver performances. 

 

 

 

Figure 7-1 : Link level simulator: V0 and V1 versions. 

 

7.1.2 Deviations from the project workprogram 
The D2.1 deliverable [12] was provided with 2 months delay; that was mainly due to the summer vacation 

period. This delay had an impact on the software modules delivery that impacted on the V0 simulator 

integration. In that way, the V0 simulator was provided to all the partners with one and half month delay in its 

final and generic version. This delay did not impact the WP3 activities and schedule. D2.2 deliverable [13] in its 

first version and the V1 demonstrator were provided in time. As some updates, due to some bugs detection in the 

https://bscw.eurecom.fr/bscw/bscw.cgi/d118606/L22%20V3.doc
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V1 software simulator have been carried out, a V2 simulator (M2) has been provided that was not initially 

planned (beginning of June 2009). In that way, an update of the D2.2 [13] document has been delivered at the 

same time. The last WP2 achievement was the D2.3 deliverable [14] that synthesizes all the advanced PHY and 

MAC research studies inside the project. This deliverable was provided end of June 2010 instead of the 30
th
 of 

March 2010 as initially planned.    

7.1.3 Results 
During the project, the WP2 was composed of 2 distinguished parts, lead in parallel. 

The main result during this first WP2 project part was to specify the PHY and MAC functionalities of the UL 

SC-FDMA prototype and then to provide the link level simulator in order that WP3 starts the hardware 

developments. The D2.1 deliverable [12] addresses the different scenarios that have been considered and details 

the different modules implemented in the V0 simulator. The link level simulator has been integrated with the 

software Galacsy tool based on C/C++ libraries. The V0 simulator is depicted in Figure 7-1. The generic 

simulator integrates the parameters specified in Table 7-1 and Table 7-2. In its V0 version, the UL SC-FDMA 

simulator implements the following functionalities that can be enabled according to the parameter specifications: 

- Different channel coding schemes such as convolutional, turbo (binary or duo-binary) or LDPC codes. The 

3GPP/LTE coding scheme defined inside the standard is also available; 

- Puncturing or rate matching functions in order to adapt the rate (and the throughput) regarding the 

Modulation and Coding Scheme (MCS) and the pilot symbols insertion inside the frame structure; 

- All the DFT sizes of the SC-FDMA system proposed in the standard can also be simulated; 

- Insertion of the pilot symbols (for channel estimation and signalization) regarding the 3GPP/LTE framing 

definition; 

- Possibility to perform either localized or slot hopping between sub-frames in order to achieve a better 

channel diversity; 

- Implementation of the SISO/MIMO propagation SCME channel model defined in the standard. Two kinds 

of environments have been modeled: indoor propagation channel model called SCM-D with the velocity of 

3 Km/h and the SCM-B channel that modeled large indoor/outdoor environments either at 3Km/h or 120 

Km/h; 

- At the reception side, the dual transmission functionalities are implemented considering either SISO or 

SIMO1x2 transmission. 

Then, the V0 simulator has been updated with some advanced functionalities leading to the V1 and V2 

simulators. The additional modules implemented in the V1/V2 simulators are described in the D2.2 deliverable 

[13]. Here are listed the updated functionalities: 

- Optimization of the LDPC matrices; 

- Update of the rate matching module in its last version specified by the 3GPP/LTE; 

- MIMO/MISO 2×1, 2×2 or 2×4 coding schemes corresponding to some variants of the well known 

Alamouti coding scheme applied either in the frequency (SFBC or SC-SFBC schemes) or in the time 

domain (well known STBC scheme); 

- H-ARQ functionalities; 

- Interleaving adaptation with SRS symbols integration; 

- Tx and Rx RF impairments adding. 

In order to validate the hardware prototype developed in the WP3, the scenarios defined in bold face in Table 7-1 

(in brackets appears the information block size in bits, i.e. before CRC) and Table 7-2 have been simulated by 

sharing the simulations between partners.  

 

MCS order Information block sizes 

per user 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

1 QPSK1/2 144 (120) 288 (264) 720 (696) 1440 2880 
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(1416) (2856) 

2 16QAM 2/3 384 (360) 768 (744) 1920 

(1896) 
3840 

(3816) 

7680 = 2 

blocks of 

scenario 4 

3 64QAM 3/4 (0.7407) 640 (616) 1280 
(1256) 

3200 

(3176) 

6400 = 2 

blocks of 

scenario 3 

12800 = 4 

blocks of 

scenario 3 

Table 7-1: Information block sizes per user. 

 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Number of RB(s) per user 1 2 5 10 20 

Number of potential users 100 50 20 10 5 

Table 7-2: Scenarios definition. 

 

 
For each of these 5 scenarios, simulations have been launched by considering each time: 

- Perfect and real channel estimation 

- Slot hopping or not 

The repartition of the simulations between partners has been addressed in the following way: 

- CEA/LETI: SISO SCM-B channel at 120Km/h 

- MERCE:  SISO SCM-D channel at 3Km/h 

- Orange Labs: SIMO SCM-D channel at 3Km/h 

- Supélec: SIMO SCM-B channel at 120Km/h 

- Eurecom: SIMO SCM-B channel at 3Km/h 

 

Considering all these scenarios lead to launch 100 simulations. Figure 7-2 gives an example of the performance 

results obtained  in SCM-D SIMO configuration at 3Km/h respectively with perfect channel estimation 

(CHEST) without frequency hopping (FH), with real CHEST without FH, with perfect CHEST with FH and 

with real CHEST with FH. The other performance results are presented in the D2.2 deliverable [13]. 
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Figure 7-2 : Example of performance results obtained with the V0 simulation platform. 
 

The second part of the WP2 was dedicated to study advanced link and system research topics. So, during the 

different progress meetings all partners have presented some research activities studied during the APOGEE 

project. These techniques are described in the D2.3 deliverable [14]. Among the advanced research topics, we 

can mention a study dealing with linear equalizer for MIMO SC-FDMA evaluated in terms of diversity 

contribution. Indeed, in theory, the diversity of a MIMO frequency selective channel is LxNtxNr where L is the 

channel delay spread and Nt and Nr the number of transmit and receive antennas respectively. However, the 

diversity provided by a basic linear equalizer is Nr-Nt+1 instead of LxNtxNr. Figure 7-3 shows that a system 

using ñzero paddingò combined with a linear prefiltering achieves the diversity obtained by a linear zero forcing 

(ZF) equalizer (LxNrx(Nt ï Nr + 1)). In addition, it I shown that a MMSE linear equalizer achieves the total 

system diversity at low data rate whereas at high data rate it performs the same as ZF equalizer.   

 

Figure 7-3 : Performance results of different equalizer in SC-FDMA MIMO systems. 

 

 

7.1.4 List of Milestones and Deliverables 

 
Milestones Planned Actual  

M0 V0 link level simulator 01/11/08 15/12/08 

M1 V1 link level simulator 01/04/09 10/04/09 

M2 Final advanced link simulator (some bugs correction from V1) 
Not 

planned 
02/06/09 

Table 7-3: List of WP2 milestones. 
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Deliverables Planned Actual  

D2.1 PHY/MAC functionalities definition of the UL demonstrator 01/07/08 14/09/08 

D2.2 Advanced PHY/MAC functionalities definition of the UL 

demonstrator 
01/02/09 15/02/09 

D2.3 Performance of advanced PHY/MAC studies in MIMO SC-

FDMA and OFDMA radio interfaces  
31/03/10 30/03/10 

Table 7-4: List of WP2 deliverables. 

 

7.2 CEA-LETI achievements 
T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

CEA-LETI was involved in the specification of the PHY/MAC layers of the demonstrator based on MIMO and 

SC-FDMA technologies.  LETIôs contributions dealt with the system parameters, the frame structure and the 

description of the following functional blocks of the UL demonstrator: CRC, bit scrambling, bit interleaving and 

LDPC codec for binary codes. These contributions were compiled in Deliverable D2.1 [12]. In Deliverable 

D2.2 [13], CEA-LETI specified two advanced PHY/MAC functionalities of the UL demonstrator, namely the 

HARQ type I process and the LDPC codec. HARQ (Hybrid Automatic Repeat reQuest) enables retransmission 

of erroneous decoded blocks, here with a 4-channel SAW (Stop And Wait) protocol coupled with Chase 

Combining. In the case of a first transmission (positive acknowledgement or Ack), punctured data will be stored 

in an HARQ-TX buffer and then transmitted.  In the case of a retransmission (negative acknowledgment or 

Nack), the stored data will be transmitted again.  As Chase Combining technique is considered, the puncturing 

scheme is the same for all (re)transmissions. Concerning the study of the binary LDPC code, the basic idea was 

to find a coding/decoding scheme for quasi-cyclic LDPC that offers a good trade-off between performance (PER 

/ throughput) and complexity. In the next paragraph, some details on the LDPC scheme and related simulation 

results are given. Further simulation results and details are given in Deliverable D2.2 [13]. 

LETI designed LDPC codes such as to meet the following requirements: 

¶ Flexibility: in order to address multiple coding rates and coded block sizes.  

¶ Low memory requirements: for the storage of the parity check matrix 

¶ High throughput decoder: up to several Gbit/s 

¶ Small silicon area and low power consumption 

¶ Low latency encoder 

¶ High correction capability 

The designed LDPC codes are a particular class of quasi-cyclic LDPC (QC-LDPC) codes [1]. QC-LDPC codes 

are well suited for flexibility issues on the coded block size and exhibit a linear encoding complexity. The code 

length (which is equal to the number of columns N of the parity check matrix) can be adapted to the desired 

coded block size, simply by modifying the value of the expansion factor Z. In order to address multiple coding 

rates, several base matrices have to be used in general (one matrix per coding rate). Also, the decoder throughput 

and the encoder latency highly depend on the base matrix design.  

LETI developed dedicated algorithms for the design of the base matrices with APOGEEôs targeted rates 3/4, 2/3, 

and 1/2. These algorithms optimize the girth of the parity matrices obtained by using the required expansion 

factors.   

Low density parity check (LDPC) codes can be iteratively decoded using message-passing type algorithms. Such 

an algorithm exchanges messages between coded bits (corresponding to the columns of the parity check matrix) 

and parity checks in which they are involved (corresponding to rows of the parity check matrix). Exchanged 

messages are used to update coded bits LLRs (Log Likelihood Ratio), and this process is reiterated until a 

codeword is found or a fixed maximum number of iteration is reached.  The optimal iterative decoding is 

performed by the Sum-Product algorithm at the price of an increased complexity, computation instability, and 

dependence on thermal noise estimation errors. The Min-Sum algorithm [2] performs a suboptimal iterative 

decoding, less complex than the Sum-Product decoding, and independent of thermal noise estimation errors. The 
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sub-optimality of the Min-Sum decoding comes from the overestimation of check-node messages, which leads to 

performance loss with respect to the Sum-Product decoding. The Self-Corrected Min-Sum algorithm [3] that is 

used within this project is a very simple but powerful self-correction method for the Min-Sum decoding of 

LPDC codes. Unlike other correction methods known in the literature, it does not try to correct the check node 

processing approximation, but it modifies the variable node processing by erasing unreliable messages. 

However, this positively affects check node messages that become symmetric Gaussian distributed, which is 

sufficient to ensure a quasi-optimal decoding performance. Monte-Carlo simulations show that the proposed 

Self-Corrected Min-Sum decoding performs very close to the Sum-Product decoding, while preserving the main 

features of the Min-Sum decoding, that is low complexity and independence with respect to noise variance 

estimation errors. 

Concerning hardware requirements, the construction of the base matrices allows the instantiation of the 3 

matrices in hardware and the hardware reuse when switching between coding rates 3/4, 2/3, and 1/2. Thanks to 

the dedicated base matrices design, the architecture defining the Check Node Units (CNU), which compute the 

messages from check to bit nodes, may be used for all coding rates and block sizes specified by the APOGEE 

scenarios. The main advantages of this architecture are: 

¶ No memory overhead, since this implementation does not need to store the entries of the rates 3/4, 2/3, and 

1/2 base matrices 

¶ Reduced silicon area, by using hardware reuse for coding rates 2/3 and 1/2. 

¶ High throughput, thanks to a massively parallelizable architecture (estimated throughput is of the order of 

several Gbit/s). 

¶ High correction capability, thanks to an enhanced decoding algorithm. 

 

Monte-Carlo simulation results for floating point implementation of the LDPC codec are presented below. 

Simulations were performed with the following settings: 

¶ SISO SCM-B channel, 120 Km/h 

¶ Perfect channel estimation 

¶ Scenarios 

Scenario Info size Coded size 

(punctured size) 

Rate Modulation 

1 144 288 0.50 QPSK 

2 1280 1728 0.74 64QAM 

3 1920 2880 0.67 16QAM 

4 3840 5760 0.67 16QAM 

5 2880 5760 0.50 QPSK 

¶ Simulations were performed with and without channel interleaving. We use ñScenario x-interò to denote 

one of the above scenario in which the channel interleaving is used (here the channel interleaving is the one 

used in the simulation chain with Turbo Codes) 

¶ Simulations were performed without Frequency Hopping (FH). 

¶ The maximum number of LDPC decoding iterations is set to 70. 

Figure 7-3 and Figure 7-4 show the bit and packet error rates of the proposed LDPC codes, in the above 5 

scenario, without Frequency Hopping (FH). We note that the channel interleaving does not affect the 

performance of LDPC codes in these cases. Also, the performance of LDPC codes are very similar compared to 

the one obtained in case of LTE Turbo coding (not shown here) in these scenarios. 
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Figure 7-4: BER results for LDPC, without Frequency Hopping. 
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Figure 7-5: PER results for LDPC, without Frequency Hopping. 
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T2.2 ï Development of a reference simulation chain (01/07/08 ï 31/03/09) 

CEA-LETI contributed to the collaborative link level evaluation platform, partly dedicated to the design and the 

validation of the demonstrator. LETI developed the following C/C++ modules specified in the D2.1 [12] and 

D2.2 [13] deliverables: CRC (de)coder, bit (de)scrambling, bit (de)interleaving and LDPC (de)coder. Support 

was also provided to Orange Labs for the integration of these modules in the Galacsy IDE.  

Simulations were performed by CEA-LETI with this simulation tool in order to investigate the impact of RF 

impairments models (Phase Noise of the Local Oscillators) and to see the benefits of HARQ. The results were 

compiled in Deliverable D2.3 [14].  

Dealing with phase noise (PHN), we saw that there was no impact of the PHN on the PER for QPSK that is a 

robust constellation.  With 16-QAM, we saw that there was a degradation of 1 dB for PHN6 due to the inter-

carrier interference (ICI), whereas for 64-QAM, that is the less robust modulation scheme, an error floor occurs 

due to ICI for PHN6. The other PHN masks has no impact on the PER, due to the fact that the estimated MER 

for these masks is sufficiently high (> 30 dB). Here PHN6 corresponds to a Phase Noise Mask DVB-T degraded 

by 20 dB with an Estimated MER (for DVB-T signal QPSK 2K GI = 1/16) of 22.5 dB. 

Concerning HARQ, with QPSK a gain of 4dB was measured when considering one retransmission, 2 dB when 

considering 2 retransmissions and 0.5 dB with 3 retransmissions. After the third retransmission, the gain was 

found to be negligible. For 16-QAM, a gain of 6dB was observed with 1 retransmission, whereas 2dB and 0.5 

dB were respectively observed for the second and the third retransmission. With 64-QAM, HARQ only shifts the 

error floor from a PER of 2.10
-1
 to a PER of à 2.10

-2
. In this latter case, the error floor is due to the real channel 

estimation for a high mobility.  

 

T2.3 ï Study of advanced PHY algorithms (01/11/08 ï 31/03/10) 

As part of T2.3, CEA-LETI studied further evolutions of its LDPC coding scheme, in order to define optimized 

puncturing patterns for rate-compatible non-binary LDPC codes. This study started in September 2009. The 

results were compiled in Deliverable D2.3 [14] due at T0+26. The main conclusions are given hereafter. 

Puncturing distributions for regular and irregular codes have been analyzed by using simulated density evolution 

thresholds of non-binary LDPC codes over the AWGN channel. We showed that the design of puncturing 

patterns must respect different rules depending on the symbol-node degree: punctured bits must be spread over 

degree-2 symbol-nodes, while they must be clustered on symbol-nodes of higher degrees. Moreover, for 

irregular codes, good punctured patterns tend to concentrate most of the punctured bits on degree-2 symbol-

nodes, which represents one notable dissimilarity compared to the binary case. This allows for designing 

incremental puncturing patterns for Repeat-Accumulate LDPC codes, with asymptotic performance very close to 

the channel capacity for a wide range of punctured rates, and thus defining rate compatible punctured code 

(RCPC) for incremental HARQ applied to non binary LDPC codes. Indeed, in that case, punctured bits can be 

spread over parity-symbols, which are of degree-2, and puncturing can be performed in an 

incremental/decremental way. This is illustrated at Figure 7-6, for irregular Repeat-Accumulate LDPC codes 

over 16F : we can observe that the gap to capacity is less than 0.5 dB for all punctured rates pr between 1/2 and 

2/3. 

 

 
Figure 7-6: Incremental puncturing of irre gular Repeat-Accumulate LDPC codes over F16. 
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This study led to a publication [Gorgoglione_et_al:isita10]; the complete details and results of our investigations 

were compiled in deliverable D2.3 due at T0+26.  

 

T2.4 ïSystem studies (01/11/08 ï 31/03/10) 

Within this task, CEA-LETI studied advanced packet scheduling algorithms for the downlink of OFDMA 

wireless cellular networks, in the presence of heterogeneous traffics. This study started in October 2008.  

During this task, we ýrst investigated weaknesses and advantages of four reference scheduling algorithms MCI 

(Maximum Channel to Interference ratio), PF (Proportional Fair), MLWDF (Maximum Largest Weighted Delay 

First) and EDF (Earliest Deadline First), in a system that implements a realistic OFDMA air interface based on 

the 3GPP/LTE downlink speciýcations where no full-queued trafýc and a limited number of control channel per 

TTI is assumed. We focused our investigation on real-time, non real-time and coexisting real-time and non real-

time trafýc scenarios. We underlined that while EDF does not proýt from multi-user diversity, MCI and PF 

schedulers target at maximizing the cell throughput regardless of the userôs QoS constraints. Then, we come out 

with the deýnition of a novel scheduling algorithm, the HYGIENE (HurrY Guided Irrelevant Eminent NEeds) 

scheduler. HYGIENE splits the resource allocation process in three steps: ýrst, it identiýes which entities (UE or 

packets) must be scheduled with high priority; second, it deals with rushing entities; third, remaining resources 

(if any) are allocated to users with highest momentary throughput. We evaluated the effectiveness of the 

proposed HYGIENE scheduler comparing it with the above reference schedulers. Our simulations substantiated 

how HYGIENE is a highly þexible and effective scheduler for a variety of trafýc scenarios, as can be seen on 

Figure 7-7 and Figure 7-8. 

On Figure 7-7 we mimic a heterogeneous network trafýc. We ýx the number of HTTP þows to 200 UEs while 

we evaluate the maximum VoIP UEs capacity. When scheduling is based on EDF or MLWDF ordering rules, 

any UE (HTTP and VoIP) can be satisýed. As expected, we observe that EDF scheduler results totally 

inadequate since it cannot efficiently deal with NRT trafýc. Furthermore, we observe how MLWDF is deeply 

penalized by the UE/TTI limitation. Besides, MCI serves up to 180 satisýed VoIP UEs, PF up to 370 VoIP UEs. 

Best performance is obtained with HYGIENE scheduler, which serves up to 390 satisýed VoIP UEs, showing 

the supremacy of the rushing approach. The above results were obtained with empirically optimized rushing 

thresholds. 

 

 
Figure 7-7: Scenario C (mixed heterogeneous traffic): maximum achievable cell capacity with PF, MCI, 

MLWDF, EDF and HYGIENE schedulers imposing 200 active HTTP flows. 

 

On Figure 7-8 we mimic coexistent activity of 225 VoIP and 75 NRTV UEs testing different rushing thresholds 

for both VoIP and NRTV: Thrush,VoIP and Thrush,NRTV. Our goal is to determine whether HYGIENE performance 

depends on an optimal combination of (Thrush,VoIP, Thrush,NRTV). Simulations show that a large range of (Thrush,VoIP, 
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Thrush,NRTV) slightly affects user satisfaction (Thrush,VoIP¢40% and Thrush,NRTV¢90%). We also look for the quasi-

optimal range of Thrush,VoIP and Thrush,NRTV in the single trafýc scenario (results are not shown for conciseness 

sake). We observed that user satisfaction for VoIP UEs is not affected if Thrush,VoIP ² 20% and, for NRTV UEs is 

constant for any Thrush,NRTV value. 

 

 
Figure 7-8: Scenario B (mixed real-time traffic): sensitivity of HYGIENE performance on rushing 

threshold design. 

 

This study led to a publication [Calvanese_et_al:vtcspring09]; the complete details and results of our 

investigations were compiled in Deliverable D2.3 [14] due at T0+26.  

 

7.3 EURECOM achievements 
T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

EURECOM contributed to Deliverable D2.1 [12] as in charge of description of the module: OFDM symbol 

(de)framing.  

EURECOM was also involved in the definition of the MAC layer and the PHY/MAC interface for the 

demonstrator. Namely the structure of logical and transport channel, the interface with RLC, RRC and PHY 

layers and the control plan at eNodeB and UE. The control plan schemes of eNodeB and UE are depicted 

respectively in Figure 7-9 and Figure 7-10. Detailed description of these specifications appears in Deliverable 

D2.1 [12]. 

T2.2 ï Development of a reference simulation chain (01/07/08 ï 31/03/09) 

EURECOM contributed to the development of the link level simulator dedicated to the design and the validation 

of the demonstrator. EURECOM had the charge of developing the module OFDM symbol (De)Framing in 

C/C++ code. As it turns out to be simpler to proceed as such, EURECOM also integrated the Resource Block 

(RB) (de)allocation.  EURECOM thus participated to the simulations by simulating the scenarios ñSIMO SCM-

B channel at 3Km/hò with perfect or real channel estimation and w/o slot hopping. 
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Figure 7-9: eNodeB Control plan. 
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Figure 7-10: UE Control plan. 

 

 

T2.3 ï Study of advanced PHY algorithms (01/11/08 ï 31/03/10) 

EURECOM provided the following contributions, which are described in detail in Deliverable D2.3 [14] and 

lead to many publications. 

Optimum end-to-end distortion of spatially correlated MIMO systems 

Here we consider the transmission of an analog source of bandwidth Ws over a NrxNt MIMO channel of 

bandwidth Wc. We have investigated the joint impact of the numbers of antennas, source-to-channel bandwidth 

ratio (SCBR), and spatial correlation (r) on the optimum expected end-to-end distortion in an outage-free MIMO 

system. In particular, based on an analytical expression valid for any SNR, a closed-form expression of the 

optimum asymptotic expected end-to-end distortion valid for high SNR is derived. It is comprised of the 

optimum distortion exponent and the multiplicative optimum distortion factor. As demonstrated by the 

simulation results, the analysis on the joint impact of the optimum distortion exponent and the optimum 

distortion factor explains the behavior of the optimum expected end-to-end distortion varying with the numbers 

of antennas, source-to-channel bandwidth ratio, and spatial correlation. It is also proved that as the correlation 
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tends to zero, the optimum asymptotic expected end-to-end distortion in the setting of correlated channel 

approaches that in the setting of uncorrelated channel. These results could be performance objectives for analog-

source transmission systems. To some extent, they are instructive for system design. These results have been 

reported in the conference papers [ChenSlock:icc08], [ChenSlock:pimrc08], [ChenSlock:gc08] and in the journal 

paper [ChenSlock:JWCN09].  

In [ChenSlock:isit08], we propose some related work. In multi-user transmission, precise channel knowledge at 

the transmitter is required. In an FDD system, this is obtained by feedback. The coefficients of a channel impulse 

response represent an analog source. The performance measure in this feedback is Mean Squared Error (MSE). 

Traditional feedback approaches are digital, consisting of channel response quantization followed by digital 

transmission. An alternative approach is analog (QAM) transmission. In the simplest such approach, the 

transmitter and receiver would be linear. We then consider transmission over a MIMO channel and the question 

arises about which aspect would be most important: (1) diversity or (2) spatial multiplexing. In order to 

implement (1), we propose to use complex orthogonal space-time block coding (COSTBC). We prove that an 

equivalent complex orthogonal channel can be generated by COSTBC (e.g. Alamouti) and then the matched 

filter bounds on the signal-to-noise ratio via multiple-input multiple-output channels are achieved by maximal 

ratio combining (MRC). Simulation shows that COSTBC-MRC analog schemes outperforms spatial-

multiplexing oriented analog schemes and uncoded random vector quantization schemes with respect to mean-

squared errors (MSE). 

 

Diversity-Multiplexing Trade -Off for Frequency-Selective MIMO Channels with Linear Receivers  

Since the introduction of the Diversity-Multiplexing Tradeoff (DMT) by Zheng and Tse for ML reception in 

frequency-flat MIMO channels, some results have been obtained also for the DMT of frequency-selective 

MIMO channels and for the DMT of suboptimal receivers such as linear (LEs) and decision-feedback equalizers 

(DFEs) for frequency-selective SIMO channels or frequency-flat MIMO channels. In [Slock:eusipco08] we 

extend these results to the case of linear receivers for frequency-selective MIMO channels. We consider infinite-

length and FIR equalizers in standard single-carrier systems, and unconstrained equalizers in cyclic prefix 

systems. For linear equalizers, the diversity gain suffers significantly in the absence of any Channel State 

Information at the Transmitter (CSIT), since only a part of the receive spatial diversity gets exploited (the 

transmit spatial and frequency-selectivity diversities are lost). It is shown that some improvement can be 

obtained by varying the number of streams transmitted. However, the introduction of simple antenna subset 

selection CSIT is shown to provide for substantial boosts in the resulting DMT (partial recovery of transmit 

spatial diversity).  

In [OktemSlock:icassp09] we show that full diversity can be restored by the introduction of a convolutive linear 

MIMO precoding scheme that we showed earlier to allow to attain the optimal DMT for ML or DFE detection 

(in the frequency-flat case). The precoder needs to be used with a moderate amount of redundancy in the form of 

zero-padding, and with a MMSE design for the linear equalizer. A MMSE-ZF design also benefits substantially 

from the precoding. The proposed scheme represents a significant extension of an earlier SISO result by 

Tepedelenlioglu to the MIMO case. Another key result that was shown in [Oktem:icassp09] is that a MMSE 

linear equalizer achieves only the same diversity as a zero-forcing equalizer for higher rate, but achieves full 

diversity at lower transmission rate.  

Capacity of Frequency-Selective MIMO Channels without Channel State Information at the Receiver 

(CSIR) 

In  [SalimSlock:ita08], [SalimSlock:pimrc08a],  [SalimSlock:pimrc08b], we analyze the capacity of frequency-

selective (single-user) MIMO channels without channel state information at the receiver. We consider stationary 

time- and frequency-selective MIMO channels. No channel knowledge neither at the transmitter nor at the 

receiver is assumed to be available. This means that implicitly, channel knowledge at the receiver needs to be 

produced as part of the transmission. We investigate the capacity behavior of these doubly selective channels as 

a function of  the number of transmit antennas and channel parameters as delay spread, Doppler bandwidth and 

channel spread factor (the product of the previous two parameters). For critically spread channels (channel 

spread factor of 1), it is widely believed that the dominant term of high-SNR expansion of the capacity is 

log(log(SNR)) or in other words, the pre-log (the coefficient of log(SNR)) is zero. We provide a very simple 

scheme showing that for critically spread and mildly overspread channels a non-zero pre-log exists under certain 

conditions. We specify these conditions in terms of the Doppler bandwidth and the delay spread. We reason that 

for nearly critically spread channels, MIMO systems exhibit same degrees of freedom as that of a SISO system. 

At higher channel spread factor (overspread case), the log(SNR) term vanishes and log(log(SNR)) term becomes 

the dominant capacity term. We specify the range of existence for log(SNR) regime. In [SalimSlock:Al08], we 

extend these results to the Broadcast Channel also. 
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The key ingredients of transmit solutions attaining the no CSIR capacity consist of splitting the transmit 

dimensions into a non-coherent transmission phase and a coherent transmission phase. The non-coherent phase is 

of minimal dimension matched to the number of parameters that need to be identified in order to have 

deterministic channel identifiability. While this phase is similar to a training phase, non-coherent transmission 

and reception is possible, which allows transmission at a rate of the order log(log(SNR)). The complementary 

coherent transmission phase is then a normal transmission phase in which the channel estimate obtained from the 

first phase is treated as if it were the correct channel. Another ingredient here is that not all transmit dimensions 

are necessarily activated. Indeed, using less transmit dimensions may lead to fewer channel parameters to be 

identified also. The possible transmit dimensions that can be varied are the number of transmit antennas and a 

subsampling of the transmit symbol rate. 

Sum rate of the Multi-User MISO Downlink with partial Channel State Information at the Transmitter 

(CSIT) via Feedback 

It is well known that there are enormous gains in a multi-antenna transmitter broadcast channel when data is 

simultaneously transmitted to multiple users, which requires Channel State Information at the Transmitter 

(CSIT).  A plethora of feedback strategies (both analog and digital) to provide CSIT to the transmitter exists in 

the literature. Although the fundamental question ``How much feedback is required for a broadcast channel?'' has 

been treated in the literature to some extent, a more comprehensive treatment is certainly desirable. 

In  [SalimSlock:globecom08], [SalimSlock:wcnc09],  [SalimSlock:iswcs09], [SalimS:globecom09_2], and more 

completely in [SalimSlock:JASP10],we study the time-division duplex (TDD) broadcast channel with initial 

assumption of no channel state information (CSI) neither at the base station (BS) nor at the users' side. We 

provide two transmission strategies (oblivious or informed users) through which the BS and the users get 

necessary CSI for CSI based transmit and receive processing. We derive both novel lower and upper bounds for 

the sum rate which reflects the rate loss compared to a system with perfect CSIT (but for the case in which the 

channel distribution is that of the BS side channel estimates). Corresponding approximate sum rate expressions 

are also developed for both schemes. These expressions fully capture the benefits of the CSIT feedback, 

allowing multi-user diversity gain and better inter-user interference cancellation, and the cost of exchange of 

information required (the cost of CSIT feedback). These sum rate expressions, owing to their simplicity, can be 

optimized for any set of system parameters to unveil the trade-off between the cost and the gains associated to 

the feedback. Thus they allow to characterize the optimal amount of feedback load (resource utilization for 

feedback) which maximizes the sum rate of the broadcast channel, a well-accepted metric of system performance 

at the physical layer. 

In [SalimSlock:globecom09_1] we study a related approach in which a hybrid of CSI sources are combined: in 

the downlink the terminal learns the channel by training. Then it can transmit this channel estimate to the base 

station. But the uplink channel in a TDD system is strongly related to the downlink channel due to reciprocity 

and hence by learning the uplink channel by training the BS can also learn about the downlink channel. So we 

studied the hybrid combination of sending training pilots and channel estimates on the uplink to optimally 

estimate the channel at the BS. 

Finally, the study in [SalimSlock:asilomar09] is in the context of both green radio and electromagnetic pollution 

and ensuing health considerations. We study the effect of various user selection strategies in the multi-user 

MISO downlink to minimize the total BS transmit power, given QoS requirements at the users. It is shown that 

quasi-optimal greedy user selection has great benefits for transmit power conservation. 

(Semi-)Blind SIMO Channel Estimation in Cyclic Prefix Systems and Ensuing Diversity in Linear 

Receivers 

The SIMO multichannel aspect allows the introduction of blind channel estimation techniques. Most existing 

such techniques for frequency-selective channels are quite complex. In [OmarSlock:spawc09], we consider the 

blind channel estimation problem for Single Input Multi Output (SIMO) cyclic prefix (CP) systems. We have 

shown before that blind channel estimation becomes computationally much more attractive and more straight 

forward to analyze in terms of performance in CP systems. Inspired by the iterative sample covariance matrix 

(SCM) structure enhancement techniques of Cadzow and others, we propose in [OmarSlock:spawc09] an 

algorithm to structure the sample block circulant covariance matrix by enforcing two essential properties: rank 

and FIR structure. These two properties are exhibited by the true covariance matrix in the case of FIR SIMO 

channels with spatially white noise and CP transmission. The proposed enhancement procedure leads to an 

interesting enhanced SCM, even for the single CP symbol case. 

Blind and semiblind channel estimation was a topic that enjoyed explosive developments throughout the 

nineties, and then came to a standstill, probably because of perceived unsatisfactory performance. Blind channel 

estimation techniques were developed and usually evaluated for a given channel realization, i.e. with a 

deterministic channel model. Such blind channel estimates, especially those based on subspaces in the data, are 
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often only partial and ill-conditioned. On the other hand, in wireless communications the channel is typically 

modeled as Rayleigh fading, i.e. with a Gaussian (prior) distribution expressing variances of and correlations 

between channel coefficients. In recent years, such prior information on the channel has started to get exploited 

in pilot-based channel estimation, since often the pure pilot-based (deterministic) channel estimate is of limited 

quality due to limited pilots. In [OmarSlock:isccsp10_2] we explore a Bayesian approach to (semi-)blind channel 

estimation, exploiting a priori information on fading channels. In the case of deterministic unknown input 

symbols, it suffices to augment the classical blind (quadratic) channel criterion with a quadratic criterion 

reflecting the Rayleigh fading prior. In the case of a Gaussian symbol model the blind criterion is more involved. 

The joint ML/MAP estimation of channels, deterministic unknown symbols, and channel profile parameters can 

be conveniently carried out using Variational Bayesian techniques. Variational Bayesian techniques correspond 

to alternating maximization of a likelihood w.r.t. subsets of parameters, but taking into account the estimation 

errors on the other parameters. To simplify exposition, we elaborate the details for the case of MIMO OFDM 

systems. 

Traditionally, the performance of blind SIMO channel estimates has been characterized in a deterministic 

fashion, by identifying those channel realizations that are not blindly identifiable. In [OmarSlock:isccsp10_1], 

[OmarSlock:icassp10] we focus instead on the performance of Zero-Forcing (ZF) Linear Equalizers (LEs) or 

Decision-Feedback Equalizers (DFEs) for fading channels when they are based on (semi-)blind channel 

estimates. Although it has been known that various (semi-) blind channel estimation techniques have a receiver 

counterpart that is matched in terms of symbol knowledge hypotheses, we show here that these (semi-)blind 

techniques and corresponding receivers also match in terms of diversity order: the channel becomes (semi-

)blindly unidentifiable whenever its corresponding receiver structure goes in outage. In the case of mismatched 

receiver and (semi-blind) channel estimation technique, the lower diversity order dominates. Various cases of 

(semi-)blind channel estimation and corresponding receivers are considered in detail. To be complete however, 

the actual combination of receiver and (semi-)blind channel estimation lowers somewhat the diversity order 

w.r.t. the ideal picture. 

 

T2.4 ïSystem studies (01/11/08 ï 31/03/10) 

Within this task, EURECOM presented an analysis of a resources allocation algorithm for Wideband OFDMA 

system. The key advantage of wideband OFDMA systems is the possibility of performing multi-user scheduling 

both in time and frequency. Although the attainable average throughput (normalized with respect to the 

bandwidth) is not increased by the wideband resources, the additional dimensions potentially allow for a more 

efficient use of the channel due to the increased randomness in the system. It is shown that when the bandwidth 

is considerably larger than the coherence bandwidth of the channel and the channel is varying slowly with 

respect to the scheduling period, average delay can significantly be improved. In that case, the average delay is 

only proportional to the scheduling period and not to the channel coherence time (as it is the case in narrowband 

systems). Detailed description of the scheduling policy algorithm and its analysis is in Deliverable D2.2 [13]. 

7.4 MERCE achievements 
T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

Due to its implication in the 3GPP/LTE standardization process, MERCE actively contributed to specification of 

the demonstrator in a common process involving WP1, WP2 and WP3. In a first step, the main system 

parameters were defined according to the 3GPP standardization process. One of the major outcomes was to 

select the SC-FDMA technology with the support of the 20 MHz bandwidth and most of the LTE functionalities. 

Those results were written down in Deliverable D1.1 [9], MERCE being more specifically responsible for the 

description of the parameters relative to the SC-FDMA waveform. In a second step, MERCE participated to the 

definition of the physical layer basic functionalities of the demonstrator. As an output of this selection process, 

MERCE contributed to the redaction of Deliverable D2.1 [12] providing the specifications of the basic 

PHY/MAC functionalities of the UL demonstrator. More specifically, MERCE specified the following 

functionalities: rate matching, rate de-matching, channel estimation, SISO and SIMO decoders. In a third step, 

WP2 selected a list of advanced solutions to be implemented in the demonstrator and seen as potential candidates 

for the future 3GPP releases. MERCE proposed to study the SC-SFBC MIMO scheme and a method for 

measuring the noise plus interference from the sounding reference pilots. The SC-SFBC MIMO scheme is an 

evolution the Alamouti diversity scheme for application to single carrier-like signals (low envelope fluctuations). 

MERCE also contributed to the redaction of Deliverable D2.2 [13] that specifies the advanced PHY/MAC 

functionalities of the UL demonstrator. More specifically, MERCE specified the following functionalities: SC-

SFBC encoder and decoder and signal over noise plus interference power ratio measurement. 
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T2.2 ï Development of a reference simulation chain (01/07/08 ï 31/03/09) 

Following the definition and the specification of the demonstrator in Task T2.1, WP2 started to develop a 

simulation chain to be used for the design and the validation of the demonstrator in WP3. MERCE developed the 

C/C++ modules specified in Deliverable D2.1 [12] and Deliverable D2.2 [13]: rate matching, rate de-matching, 

channel estimation, SISO decoder, SIMO decoder, SC-SFBC encoder and decoder. Support was provided to 

Orange Labs for the integration of these modules in the Galacsy IDE.  

 

T2.3 ï Study of advanced PHY algorithms (01/11/08 ï 31/03/10) 

As part of T2.3, MERCE studied further evolutions of the SC-SFBC MIMO scheme. These evaluations actually 

started prior November 2008. The SC-SFBC was compared to low-/high delay CDD and FSTD for different 

spectral allocations. The core of the MERCE activity in T2.3 was devoted to the study of the SC-QOSFBC that 

is a quasi-orthogonal extension of the SC-SFBC to 4 antennas. The corresponding results are compiled in 

Deliverable D2.3 [14]. 

 

T2.4 ïSystem studies (01/11/08 ï 31/03/10) 

MERCE did not contribute to this task. 

7.5 ORANGE LABS achievements 
T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

As WP2 leader, Orange Labs has significantly contributed to the PHY/MAC functionalities of the demonstrator. 

Orange Labs was editor of the D2.1 [12] and D2.2 [13] deliverables. More precisely, for D2.1, Orange Labs 

was in charge of the system parameters edition by specifying the different system and user throughput regarding 

the different scenarios. Orange Labs was also in charge to describe the characteristics of the V0 simulator. In 

D2.1 deliverable [12], Orange Labs specified the following list of modules: binary source, convolutional and 

turbo (de)coding schemes, (de)puncturing, (de)mapping, (I)DFT, OFDM (de)modulation, MIMO SCM-E 

channel model and BER/PER, in terms of parameters and interfaces.  

About the D2.2 [13], Orange Labs has mainly contributed to the performance simulation description and 

interpretation. Orange Labs did not propose advanced functionality for the V1/V2 simulators.  

 

T2.2 ï Development of a reference simulation chain (01/07/08 ï 31/03/09) 

After the description of the modules that are listed in T2.1 section, Orange Labs was in charge to develop the 

related code in C/C++ code. Then, Orange Labs was in charge of the software integration and validation of the 

V0/V1 and V2 link level simulators. These integrations were carried out with the Galacsy tool. The complexity 

of integration was mainly caused by the fact to obtain a generic simulator that could integrate a lot of 

functionalities selecting with regards of the parameterization (example: the rate matching module is only enable 

if the binary turbo coding is enable whereas the puncturing module is enable only when the convolutional or duo 

binary coding is enable and so on). V0 and V1 simulators have been provided in time. A final V2 simulator not 

planned at the beginning of the project and corresponding to an update of the V1 simulator for bugs correction, 

was provided the 2
nd

 of June 2009. Accordingly, an update of the D2.2 deliverable [13] was provided describing 

the updated functionalities.  

 

T2.3 ï Study of advanced PHY algorithms (01/11/08 ï 31/03/10) 

Orange Labs was in charge of the D2.3 deliverable [14] editing common to T2.3 and T2.4 tasks. As part of 

T2.3, Orange Labs carried out simulation campaign of the proposed MIMO/SIMO/MISO schemes implemented 

in the V2 simulator and combined with SC-FDMA. Orange Labs also proposed advanced binary turbo 

interleaver schemes that could be designed as well to increase the system diversity order as to play about the 

resource allocation strategy (subcarrier allocation). Orange Labs also validated the choice of the 3GPP/LTE-A to 

propose the ñclustered DFT-s-OFDMAò technique in the way of subcarrier allocation. 
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T2.4 ïSystem studies (01/11/08 ï 31/03/10) 

At the system level, Orange Labs worked about a performance prediction method of turbo-SIC receivers for 

system-level simulations in order to decrease the simulation time for the look up tables generation. This method 

has been technically described during the RAN1 meeting that took place in Athens, Greece in February 2009 

[Orange1]. This method has been evaluated for performance evaluation in terms of throughput, coverage, etc. 

More details about the topics issued from T2.3 and T2.4 are given in D2.3 deliverable [14]. 

7.6 SUPELEC achievements 
T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

SUPELEC contributed to D2.1 deliverable [12] as in charge of description of the module: RB (Resource Block) 

(de)allocation and slot hopping scheme. 

 

T2.2 ï Development of a reference simulation chain (01/07/08 ï 31/03/09) 

SUPELEC contributed to the development of the link level simulator dedicated to the design and the validation 

of the demonstrator. SUPELEC had in charge of developing the module RB (de)allocation in C/C++ code.  

SUPELEC thus participated to the simulations by simulating the scenarios ñSIMO SCM-B channel at 120Km/hò 

with perfect or real channel estimation and w/o slot hopping. 

 

T2.3 ï Study of advanced PHY algorithms (01/11/08 ï 31/03/10) 

SUPELEC has developed advanced beamforming schemes by considering the benefit of coordinating base 

stations across multiple cells and optimizing the overall system performance.  In this work we consider the 

Downlink Beamforming (DLBF) and resource allocation problem in MIMO-OFDMA systems. We consider the 

sum-power minimization or margin adaptive problem. This is a variable Signal to Interference and Noise Ratio 

(SINR), non-convex optimization problem and many aspects of this problem are not well understood. By using 

uplink downlink duality we first obtain the expression of target SINR values and then solve the remaining 

margin adaptive problem to achieve the target data rates of all the users in the system. We then develop an 

optimal algorithm using convex optimization theory. This algorithm provides the optimal beamformers and 

optimal subcarrier and power allocation for different users while achieving their target data rate constraints. A 

paper describing this work is submitted to IEEE SPAWC 2010.  
 

T2.4 ïSystem studies (01/11/08 ï 31/03/10) 

SUPELEC is involved actively in this task. Our activities can be summarized as follows: 

¶ Scheduling for multi service  

In wireless systems, most of nowadays scheduling algorithms assumes perfect knowledge of the channel 

quality indicator (CQI) at the transmitter. In practice, due to feedback delay and channel estimation error, the 

transmitter uses imperfect CQIs to allocate the resources to the users. This paper analyzes this issue and 

proposes improvement of the existing schedulers in the context of OFDMA systems. Using a channel 

imperfection model, we determine the probability distribution function (pdf) of CQI conditioned on the 

estimated (imperfect) CQIs. We use then this (pdf) in the evaluation of the Block Error Rate (BLER) of the 

users' transmission and exploit the obtained result in the development of a novel scheduling rule. Simulation 

results show improvement of the system performance. A paper describing this work has been accepted for 

publication at IEEE ICC 2010 conference.  

¶ Scheduling with limited feedback (uplink/downlink tradeoff)  

A common underlying assumption among the existing schedulers is that the channel quality indicators (CQI)s 

of the users on all RBs are known perfectly. This assumption is quite unrealistic due to the limited feedback 

in the uplink. In fact, the users will not feed back to the base station their CQIs on all RBs in order to not 

increase the signaling overhead on the uplink channels. Only the best M CQIs are fed back to the base station 

where M is equal to 4 or 5 in practice. The CQIs of the other RBs are not known by the base station.  In this 

work, we have analyzed this issue and proposed an improvement of the existing scheduling rules in OFDMA 

systems (paper under preparation).  



APOGEE  D1.4 

© APOGEE 2010. The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to 

thirds without the authorization of the contractors.  41/93 

¶ Energy efficient scheduling with hard delay constraints   

In this work, we have studied the problem of energy efficient packet scheduling in wireless fading channels 

with hard delay constraints. Each packet has a strict delay constraint in the range of 1 < D < 1 and it has to 

be delivered before its delay deadline. Optimal scheduling of each packet now depends on future Channel 

State Information (CSI) which is not available. We develop the upper and lower bounds on the optimal 

output rate and develop a two step solution. In the first step we solve the relaxed optimization problem 

without bounds by using Lagrange Optimization theory and obtain an initial output rate. In the second step 

this initial output rate is adjusted such that the deadlines are successfully achieved. Simulation results show 

good performance in terms of energy efficiency. A paper describing this work has been accepted for 

publication at IEEE WCNC 2010 conference. 

 

¶ Inter cell interference management  

Inter cell interference management is one the interest of SUPELEC in this project. The interest of this study 

lies in cross layer optimization of resources across multiple cells when the coordination between cells is 

limited. We have developed distributed sub-carrier allocation strategies in practical scenario when cells 

cannot cooperate. A paper containing this work has been published at IEEE VTC fall 2008 conference.  We 

have extended this work to include power control in the framework and a second paper has been published at 

IEEE ICICT 2009. 

¶ Resource optimization in LTE Uplink 

We have investigated the resource optimization in the LTE uplink. This task is challenging since the 

transmission of the usersô symbols in time and the application of the equalizer in frequency results in a very 

complicated expression of SINR. Therefore, the optimization problem is not well stated and does not have a 

standard form. We have developed a new optimization framework to overcome this non standard structure of 

the problem. A resource allocation strategy capable to achieve the global optimum has been obtained from 

this work. A paper describing this work has been submitted to a journal. 

 

¶ Joint traffic regulator and resource allocation  

In this work, we develop a joint traffic regulator and, Subcarrier and Power Allocation scheme for Multi-

Service Downlink OFDMA Systems. The system is modeled as a linear dynamic system with the aim of 

minimizing a quadratic cost function. The proposed algorithm is a Linear-Quadratic-Regulator (LQR) which 

achieves fairness among users by proposing an instantaneous data rate for each user in each time slot. The 

data rate vector proposed by the regulator is then fed as a constraint to the subcarrier and power allocation 

problem. This problem is formulated as a constrained convex optimization problem and we develop 

algorithms for subcarrier and power allocation to achieve the data rates proposed by LQR. Simulation results 

show good performance and better fairness among users. A paper describing this work has been accepted for 

publication at IEEE ICC 2010 conference. 

¶ Joint flow control and resource allocation  

In this work, we propose a two step solution to the joint flow control and physical resource allocation 

problem for multi-service OFDMA systems. We develop a flow control algorithm for the data generated at 

the remote server stations. This data corresponds to the service demanded by a particular user in a wireless 

cell. Our flow control algorithm derives an output data rate for each user while considering the variable 

nature of the channel capacity and passes these rates to the Base Station (BS). At the BS, physical layer 

resource allocation algorithm allocates the subcarrier and power to the users according to the proposed data 

rates. Simulation results show good performance and increased system throughput. This work has been 

published at IEEE SPAWC 2009 conference.  

7.7 TEAMCAST achievements 
T2.1 ï Specifications of the PHY/MAC functionalities of the demonstrator (01/02/08 ï 31/12/08) 

Thanks to its knowledge of phase noise effect in broadcast system, TEAMCAST modeled the phase noise of the 

local oscillators used in RF transposition in the RF Tx and Rx front-ends (RF impairments). This model can be 

used in the simulation chain in order to evaluate the prototype performances according to the LO phase noise. 

Further details (phase noise curve and estimated performances) are given in Deliverable D2.2 [13]. 
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8 WORKPACKAGE 3 ï ñHARDWARE 

DEMONSTRATORò 

 

8.1 Overall results 

8.1.1 Workpackage objectives 
WP3 was due to develop a real-time air-interface demonstrator based on the 3GPP Long-Term Evolution (LTE) 

standard for the uplink transmissions in beyond third generation (B3G) networks. More precisely, the initial 

objective was to take the LTE Release 8 specifications as a basis to implement a set of advanced solutions 

foreseen as potential improvement for the future evolutions of the standard. The APOGEE demonstrator is made 

of two different platforms; one implementing the transmitting functionalities of a terminal (User Equipment) and 

another implementing the receiving functionalities of a base station (eNodeB). The project focuses on the air-

interface of the LTE system and more specifically on the physical (PHY) and medium access (MAC) layers with 

over-the air-transmission using dedicated RF front-ends. Two demonstration scenarios were initially considered: 

The first demonstrator (APOGEE UL platform) is dedicated to the validation and the evaluation of the uplink 

transmission scheme itself. It implies one base station and two terminals. In a real system, the terminals get 

synchronized with the base station and retrieve control information such as uplink grants from the downlink 

signal. In the uplink platform, this link is emulated by means of a digital wired connection between the base 

station and the terminals. The principle of the second scenario was to combine the APOGEE and the OPUS 

prototypes to build a demonstration platform implementing both the downlink and uplink air-interfaces 

(APOGEE UL/DL platform). The motivations for such a development were as follows: 

¶ To illustrate and evaluate some of the key features of the LTE air-interface 

¶ To illustrate and evaluate the benefits brought by the advanced solutions 

¶ To estimate the complexity of future LTE terminals 

 

WP3 was divided into 6 tasks introduced below: 

T3.1 ï Specification of the demonstrator (01/06/08 ï28/02/09) 

T3.2 ï Development of the RF front-ends (01/08/08 ï31/09/09) 

T3.3 ï Development of the baseband modules (01/08/08 ï31/07/09) 

T3.4 ï Development of the MAC layer (01/12/08 ï31/07/09) 

T3.5 ïIntegration of the uplink (01/03/09 ï31/01/10) 

T3.6 ï Integration of the overall demonstrator (01/10/08 ï31/03/10) 
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8.1.2 Progress towards objectives 

8.1.2.1 Specification phase (T3.1) 

WP3 activities were due to start at T0+4 (June 2008) following the completion of Task T1.2 and just before the 

release of Deliverable D2.1 [12], i.e. once the main specifications of the demonstrator available. This approach 

would have been suitable for a demonstrator designed from scratch using the result of the specifications. But, the 

hardware architecture of both the base station and the terminal were merely frozen at the time the project started. 

Indeed, the terminal is developed as an ASIC, technology that requires a lengthy design process. The design of 

the ASIC actually started before APOGEE as part of another project taking for reference the RNRT OPUS 

receiver and taking into consideration the basic APOGEE requirements as described in the Technical Annex. 

The issue was to check that the APOGEE design will fit into this architecture. The same kind of constraint 

applied to the terminal board due to embed the ASIC with its companion FPGA and all the input/output 

interfaces. There was more flexibility left to modify the design of this board, but it was required to quickly freeze 

the specifications to have the board available on due time. Similarly, the base station is designed on an already 

existing platform previously dimensioned to implement an OFDMA MIMO downlink receiver. The issue was 

therefore also to check the compatibility of the specifications with this architecture (complexity and interfaces). 

All WP3 partners agreed at the kick-off meeting to start the WP3 activities at T0 to participate to the 

specification work. More precisely, it was decided to align the starting point of Task T3.1 with the corresponding 

tasks in WP1 (T1.2) and WP2 (T2.1) all dealing with the specification of the demonstrator. 

In the early stage of the project, WP3 actively contributed to the definition of the demonstratorôs general 

specifications handled by WP1 and WP2. The goal of this initial specification phase was to define the system 

parameters, to select the functionalities and to define the demonstration scenarios. As mentioned above, the 

contribution of WP3 mainly consisted in checking the feasibility of the demonstrator for an implementation on 

the existing platforms. Two WP3 phone conferences were organized about the specifications (13/03/2008 and 

03/04/2008). WP3 conducted in parallel the attribution of the different IP blocks among WP3 partners. Dealing 

with the advanced functionalities, it was agreed that the partners proposing an advanced solution within WP2 

would also commit to implement it in WP3. The interfaces between the different entities of the demonstrator 

were defined carefully to ensure a smooth integration. A dedicated document was written down and amended 

several times to define the interfaces within a single reference document for all partners. The result of this 

general specification phase was compiled in Deliverable D3.1 [15] entitled ñGeneral description of the 

demonstratorò. Deliverable D3.1 provides a general description of the demonstrator with a specific emphasis on 

the hardware specifications. It also refines the objectives of the platform with the consolidated list of advanced 

techniques selected for implementation by WP3 partners. The functions to be implemented have been divided 

into two categories: the basic and advanced functionalities. The basic or reference solutions are already covered 

by the release 8 of the 3GPP/LTE. They are typically needed to build the overall system but also to serve as a 

reference for comparison with the advanced solutions. The advanced solutions have been selected among the set 

of technologies studied within WP2, as the ones compatible with the implementation constraints and proposed 

by a partner ready to implement it in WP3. The list of advanced solutions is as follows: 

- L1: SC-SFBC 

- L1: Duo-binary Turbo Code 

- L1: Quasi-cyclic duo-binary LDPC 

- L1: Adaptive RF pre-correction 

- L2: frequency scheduling and link adaptation 

Deliverable D3.1 [15] was published in October 2008, i.e. with a 3 month delay with the initial plan. This late 

delivery did not delay the launch of the implementation phase as most of the specifications were available within 

other documents. Despite a late delivery of Deliverable D3.1, the first milestone (M3.1) due to assess the 

availability of the general specifications of the demonstrator was effectively reached in August. The purpose of 

the M3.1 milestone was to allow starting the actual implementation prior the finalization of the specification 

phase and thus providing enough room to the integration. This was made possible only because the general scope 

of the specifications was known prior to the project. The general specifications were available either within the 

3GPP standardization documents or from presentation material used to reach an agreement on the platform 

functionalities. 

The refinement of the functional specifications continued in close collaboration with WP2. All the functionalities 

(DM and SRS pilots, modulation and coding schemes, transport block sizes, channel coding, slot-hopping, bit 

interleaving, etc) that were not specified in details have been defined taking into account the implementation 
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constraints. Specific sessions of the QPM #2 and #3 and a phone conference (20/06/2008) have been devoted to 

this refinement phase. Despite the general architecture of the APOGEE platform was already defined, several 

parts of the system needed to be specified in more details, starting with the physical interfaces and the associated 

protocols. All the interfaces have been carefully listed and specified within a dedicated document. The 

specifications of the MIMO RF front-ends and the MAC layer have also been updated accordingly to the 

refinement of the system specifications. The specification phase ended in February 2009 as scheduled (Milestone 

M3.2). The corresponding results have been compiled in Deliverable D3.2 [16] entitled ñDetailed specifications 

of the demonstratorò. This deliverable was delivered in May 2009 instead of February. Just as for Deliverable 

D3.1, this delay had no impact on the implementation process (See Section 8.1.3). 

The implementation of the APOGEE platform was divided into 4 tasks respectively dealing with the 

development of the MIMO RF front-end (T3.2), the baseband modules (T3.3), the MAC layer (T3.4) and the 

integration of the overall system (T3.5). 

8.1.2.2 Development of the RF front-ends (T3.2) 

The purpose of Task T3.2 was to deliver fully integrated MIMO RF front-ends. The APOGEE RF front-ends 

have been designed from the work previously carried out in OPUS. Nonetheless, the OPUS and APOGEE RF 

front-ends differ on several aspects. First, the transmit MIMO RF front-end now supports an adaptive pre-

correction stage to compensate for the power amplifier non-linearities. To facilitate the design of the pre-

correction board, the low-IF analogue inputs of the OPUS front-end have been replaced by a digital high-speed 

serial link from Cypress. It was thus required to embed two up-converters and two pre-correction boards within a 

case having the same form factor than the OPUS front-end (4 up-conversion stages with low-IF analogue inputs). 

Dealing with the receive MIMO RF front-end, the main issue was to incorporate 4 receive paths within a cabinet 

with the same form factor than the OPUS Rx front-end (2 receive ports). Apart from the mechanical constraints, 

the main issue was to handle twice the original number of input ports, in particular for the AGC requiring two 

control analogue signals per receive path.  

The design of the RF modules (task T3.2) started as planned in August 2008 after completion of the specification 

phase. The implementation effort was first devoted to the RF pre-correction stage with the study and the 

simulation of pre-correction algorithms. In parallel, the specifications of the different interfaces have been 

refined according to the design of the terminal and base station baseband modules. The pre-correction stage is 

actually made of two boards, a first one embedding a FPGA that applies the pre-correction and a second one that 

performs the down-conversion of the RF signal for the feedback path of the adaptive algorithm. The FPGA 

board was sent to fabrication for a delivery end of 2008. The board had been used to evaluate several pre-

correction methods in the context of DVB signals. The selection and the optimization of the pre-correction 

algorithm took more time than expected. The validation of the pre-correction algorithm fully implemented was 

finalized in September 2009, the initial deadline for the development of the entire front-ends (Milestone M3.5). 

The development of the remaining parts of the RF front-ends was thus accordingly delayed. The up- and down 

conversion boards fully equipped have been received in December 2009. Tests had been carried out for a final 

validation in January 2010. After integration within the cases, the two first samples of the MIMO RF front-ends 

have been delivered beginning of March 2010. 

It is worth mentioning that this delay was not damageable to the overall integration of the system. Indeed, it was 

possible to validate the base station receiver for 2 receive antennas using the OPUS RF front-ends. The 

development of the transmit RF front-end was more critical with the replacement of the analogue input ports of 

the OPUS front-end by a digital interface. For this reason, a great deal of attention was paid to the specification 

of this interface. A first integration of the pre-correction board embedding the digital input port was carried out 

in September 2009 with a finalization in December 2009. 

8.1.2.3 Development of the baseband modules (T3.3) 

The goal of Task T3.3 was to implement all the individual baseband functionalities required to build up the 

terminal and the base station. The two baseband entities have been developed according to different approaches. 

The base station is developed on an existing FPGA platform that was previously used by MERCE to implement 

a 3GPP/LTE-like downlink demonstrator. The APOGEE uplink receiver was partially developed as an 

incremental evolution of this platform. MERCE was also developing an uplink platform for another project. It 

was thus possible to re-use some modules already developed for that project. It was also possible to develop a 

simplified terminal based on the same FPGA platform to validate some of the APOGEE base station 

functionalities. In the early stages of the project, the implementation effort was devoted to the implementation of 

the physical interfaces. The RocketIO link to be used for the digital baseband connection with the terminal (data 

and frame synchronization) was validated in September 2008. In October 2008, a small board generating 8 
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analogue signals for controlling the RF front-end gain was developed and tested with an OPUS RF front-end. 

The implementation of the functional blocks actually started with the adaptation of the existing downlink design 

to the specifications of the APOGEE uplink platform. This action spread from August 2008 to March 2009 with 

the modification of the system parameters, the integration of the demodulation (DM) and sounding reference 

symbols (SRS), the adaptation of the channel estimation to the DM reference symbols, the adaptation of the 

SINR measurement module and the mapping of PUSCH over more than one physical resource block (PRB).  

MERCE was responsible for the development of most of the basic functionalities for the base station (IDFT, 

SISO frequency domain equalizer, MRC combiner for SIMO, de-scrambling, LTE rate de-matching, slot-

hopping, channel estimation for MIMO). The implementation of the new functionalities was carried out with 

only a small delay of one month with respect to the M3.3 milestone (end of T3.3 task) planned in August 2009. 

Three additional blocks were provided by other partner, namely the CRC decoder and the H-ARQ combiner 

developed by CEA and delivered in May and June 2009; the 3GPP/LTE turbo decoder developed by OL and 

delivered in June 2009. The development of the baseband advanced technologies took more time than initially 

planned but with no impact on the integration that had been delayed: SC-SFBC MIMO MMSE decoder ï 

MERCE ï March 2009; Quasi-cyclic LDPC decoder ï CEA-LETI ï July 2009 at first and October 2009; Duo-

binary TC decoder ï OL ï September 2009. 

The terminal  is implemented on a dedicated ASIC itself embedded on a specific board equipped with a 

companion FPGA and a set of versatile interfaces. The design of the ASIC actually started prior the APOGEE 

project, while the design of the board started in March 2008. CEA-LETI devoted a great deal of effort to finalize 

the design according to the APOGEE schedule. The board fully equipped was received in November 2008 and 

validated in December 2008. The design of the ASIC was finalized in October 2008 and sent to foundry in 

November 2008. The ASIC is actually a Network on a Chip, i.e. a set of modules interconnected through a high-

speed packets network. The design consists in scheduling the data exchanges and setting the parameters of the 

configurable modules (memory-SME and DSP-MEPHISTO modules). Another part of the design is hosted in a 

FPGA viewed as a programmable extension of the MAGALI ASIC for implementation of advanced functions. 

The mapping of the uplink transmitter was finalized in January 2009. The implementation of the modules started 

end of 2008 with the adaptation to FPGA of ASIC modules (LDPC, HARQ) and the development of key 

MAGALI modules such as the DFT and MIMO encoder on a MEPHISTO unit. 

The first MAGALI samples were due to be delivered in January 2009 for an integration (terminal alone first) 

starting in April 2009 as initially planned. Unfortunately, the fabrication and the packaging of the ASIC faced a 

delay of 2 months with an actual delivery end of March 2009, thus delaying the integration by June 2009. 

Security check issues also delayed the recruitment of the engineer meant to conduct the development and the 

integration of the MAGALI part of the terminal. It was thus decided to start the physical integration of the 

terminal with the base station in September 2009 (See Section 8.1.2.5). Such a delay was not considered as 

critical as both entities were due to be virtually integrated using the simulation chain and also because the base 

station was already being integrated with a simplified hardware platform developed by MERCE for other 

purposes. To reduce the overall delay, CEA-LETI started in May 2009 to implement the whole transmitter on the 

FPGA of the MAGALI board according to the traditional data-flow approach. The objective was to trigger the 

integration as early as possible thus allowing the implementation of the NoC design in parallel. In that context, 

MERCE delivered to OL the 3GPP/LTE rate-matching module to be integrated with the 3GPP/LTE Turbo Code. 

The 3GPP/LTE TC integrated with the rate-matching was delivered by OL to CEA in May 2009. At the 

exception of the duo-binary TC developed by OL, CEA was responsible for the development and the integration 

of all the other modules of the uplink transmitter (CRC, scrambling, channel interleaving, mapping, MIMO 

encoding, OFDM framing and OFDM modulation). All the functionalities were developed or configured (DFT 

and FFT IP cores from Xilinx ) for the FPGA in September 2009, i.e. with a reduced delay of 2 months with 

respect to planned date (July 2009 ï J3 milestone). To facilitate the integration and the validation, MERCE 

provided to CEA specific modules: a driver for the RocketIO (July 2009), a channel emulator with fixed impulse 

response (October 2009), a frame timing alignment and a PRBS generator (September 2009). 

The development of the functionalities for the NoC design continued in parallel of the data-flow implementation. 

The NoC design implies in one hand the configuration of MAGALI units (MEPHISTO, SME, OFDM 

modulation, etc) and the development in VHDL of the functionalities to be integrated in the FPGA as MAGALI 

units. In August 2009, all the ASIC modules were configured for the first physical mode (1 RB, QPSK ½) in 

SISO including the 12-point DFT running on a MEPHISTO unit. The configuration of the MEPHISTO unit 

dedicated to the DFT computation was achieved for all the required sizes (12, 24, 48, 60, 120, 240 and 600 

samples) in September 2009. The duo-binary encoder encapsulated as a MAGALI unit was delivered by OL in 

September 2009. The mapping of the SC-SFBC MIMO encoder on a MEPHISTO unit was ready for integration 

in October 2009. In December, all the modules for both the FPGA (CRC, scrambling, 3GPP/LTE channel 

encoding) and the ASIC (channel interleaving, mapping, MIMO encoding, OFDM framing and OFDM 
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modulation) were ready for integration for all modes without SRS. Beginning of 2010, the design was modified 

to support the transmission of SRS pilots used for SINR estimation but also for AGC. The terminal was also 

updated to capture a video stream over its 1 Gbit/s Ethernet interface.  

8.1.2.4 Development of the MAC layer (T3.4) 

The MAC layer of the APOGEE platform is based on the open source protocol stack openair2 developed by 

EURECOM. Dealing with the core of the MAC layer, the main task was to adapt this generic code to the 

specifications of the APOGEE platform, i.e. a subset of the 3GPP/LTE standard. The MAC layer was due to run 

on two different targets, an IBM PowerPC 405 embedded in the Xilinx Virtex-II pro FPGA of the Nallatech 

board on the base station side and an ARM1176 processor embedded within the MAGALI ASIC on the terminal 

side. As a matter of fact, the main issue was to adapt the existing software to these environments. The adaptation 

of the openair2 stack to the APOGEE specifications was under the responsibility of Eurecom. This activity 

started as planned in December 2008 from the results of the specification task T3.1.  

The PPC and ARM processors are common platforms. However, their use was relatively uneasy in the case of 

the APOGEE equipment. Dealing with the Nallatech board, the Virtex-II pro FPGA was selected to provide an 

access to the RocketIO ports but not to the PowerPC. As a result, the board provides no physical interface to 

control the PowerPC. On the terminal side, the ARM processor is embedded within the MAGALI ASIC and is 

accessible only via an ad-hoc interface. It was furthermore necessary to wait for the availability and complete 

validation of the ASIC to start testing the execution of code. The preparation of the hardware to host the MAC 

layer was essentially the task of the responsible of each platform, CEA-LETI for the terminal and MERCE for 

the base station. 

Dealing with the terminal , it was planned to execute the MAC protocol stack on top of the eCOS operating 

system. In January 2009, the eCOS operating system had been tuned to be executed on the MAGALI ARM with 

a validation conducted using the QEMU emulator. The test of the ARM processor started in September 2009 

once the MAGALI ASIC validated on the baseband board. By December 2009, it was possible to boot the ARM 

using the Ethernet unit of the ASIC. A simplified version of the eCOS operating system, actually its boot code, 

was installed on the ARM. This system was able to control the transmission of packets towards the different 

units of the network. In February 2010, a hardware issue was found concerning the use of the external memory 

by the ARM processor. As a result, only the internal memory of the processor can be used to store applications. 

With a memory limited to 256 Kbytes, the integration of the MAC layer was thus impossible. 

As mentioned above, the motherboard of the base station does not provide native tools to access the PPC 

processor embedded within the Virtex-II pro FPGA. The first task was to propagate wires from the PowerPC 

through the FPGA up to the BenTEST module to allow the connection of a Xilinx pod. This operation was 

required to enable the transfer of executables to be run on the processor. Prior considering the adaptation of the 

openair2 code on the PPC, the base station design was modified to transfer all the control functionalities 

previously achieved by the Virtex-II pro FPGA inside the processor. By December 2009, the PPC was handling 

all the interfaces of the Virtex-II pro FPGA: RocketIO ports, ZBT memory, PCI bus, monitoring bus and 

Ethernet ports. By April 2010, the system was entirely under the control of the PPC through the generation of 

control words, one for each PRB. These control words are sent to the terminal in UDP over Ethernet and stored 

locally to be applied once the corresponding TTI is being received at the base station. A specification document 

was written down and sent to Eurecom as a preparation for the future integration. 

A specific meeting was held on the 8
th
 of September between Eurecom and MERCE to initiate the mapping of 

the openair2 stack on the PPC. One issue with the APOGEE platform is the use of two different platforms (ARM 

and PPC) to execute the protocol stack. As MERCE was also developing a simplified terminal on a second 

Nallatech motherboard, it was agreed to migrate the openair2 code on both sides of the MERCE platform. The 

openair2 stack had been developed for PC under Linux. Several adaptations were needed to enable its execution 

on a PPC with only 2Mb of RAM and no operating system. At first, it was decided to emulate the physical layer 

through UDP over Ethernet. During the first joint meeting, the open source code of the openair2 stack provided 

by Eurecom was compiled using the tools dedicated to the PPC. The code was too large to fit within the 2 Mb of 

the processor. Eurecom simplified the code by reducing the number of users and applications that the code could 

handle simultaneously. At the end of the first integration phase, it was still not possible to run the initialization 

part of the protocol stack. MERCE continued to reduce the memory occupancy and extended the memory 

dedicated to the PPC from 2 to 4 Mbytes. As a result of these operations, it was possible to store the openair2 

executable along with the original code of the PPC controlling the system. After some further adjustments, it was 

possible to execute the initialization of the stack, mainly, the allocation and the initialization of memory buffers. 

It was agreed with Eurecom to organize a second joint meeting on the 11
th
 and 12

th
 of January 2010. As a 

preparation step, MERCE developed the routines required to transmit signaling packets in UDP over Ethernet 
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(emulation of the physical layer). During the second meeting, Eurecom updated the code to allow the association 

of the terminal with the base station. At the end of these two days, the base station was able to transmit BCCH 

packets but with some loss of packets, the terminal was able to initiate the association through the transmission 

of a RACH. From this RACH, the base station could transmit CCCH that were partially decoded by the terminal. 

Based on this encouraging result, MERCE pursued the debugging of the code. The control of the interruptions 

and the sequencing of the operations were optimized on both sides. Some useless instructions consuming a lot of 

computing resources were retrieved after approval by Eurecom. The processor clock was increased from 200 to 

300 MHz. End of January 2010, the association was fully operational with the correct transmission of BCCH by 

the base station, the transmission of RACH by the terminal and the transmission of CCCH by the base station to 

establish the association. Once the association done, both ends transmit signaling through DL and UL-SACH. It 

was thus possible to start the integration with the actual physical layer. 

8.1.2.5 Integration of the uplink component (T3.5) 

The purpose of the integration phase was first to individually build up the terminal and the base station from the 

baseband modules developed in T3.4, then to integrate the MAC layer and the MIMO RF front-ends with the 

baseband physical layer on both sides, and finally to integrate the terminal and the base station together. To be 

more accurate, Task T3.5 was due to end-up with the integration of two terminals communicating in RF over-

the-air with the base station to transmit application data. It was planned in the Technical Annex to start the 

integration phase in April 2009. A specific phone conference was dedicated to the planning of the integration on 

the 17
th
 of December 2008. A precise schedule was established by MERCE and agreed by all WP3 partners. 

Globally, the separate integration of the terminal and base station baseband was planned to start in April 2009 in 

order to initiate the physical integration of both systems together in June 2009. The integration of the MAC layer 

and the RF front-ends would have started respectively in July and October following the completion of their 

implementation (Milestones J4 and J5). Along with the integration planning, an integration methodology was 

also agreed during the phone conference. This integration approach was defined to reduce as much as possible 

the integration issues using the link level evaluation platform (LLEP) developed in WP2.  

The integration methodology was made of three phases: unitary validation of each module, longitudinal 

integration of the terminal and the base station separately and a virtual integration of the overall system. For both 

the unitary and the longitudinal integrations, the principle is to generate reference patterns using the LLEP, to 

apply these patterns to the modules in simulation and eventually in hardware to the corresponding part of the 

design. Then, it is possible to measure the mean square of the error between the output of the design under test 

(UUT) and the output of the corresponding part of the LLEP. This approach only allows a rough (the target value 

shall be set according to the functionality) but quick validation of the systemôs entities. The innovation comes 

with the virtual transversal integration where virtual means that the transmitter and the receiver are not 

physically interconnected. The principle is once again to use the LLEP as a reference design. The hardware 

transmitter is used to generate testing patterns that are applied to the receiving part of the LLEP. The results can 

then be compared with the figures obtained solely with the LLEP. This allows the fine validation of the 

transmitter through the use of relevant macroscopic criteria such as the EVM and or the BER and PER. The 

same procedure was defined for the receiver. The integration planning and method are described in Deliverable 

D3.3 [17] that also defines the test and demonstration scenarios. The deliverable was finalized in September 

2009 instead of March 2009. This delay mostly results from the delay in Deliverable D3.2 [16] combined with 

the summer break. As mentioned in Section 8.1.2.3, the integration of the terminal alone was delayed from April 

to July 2009 due to a 2 months shift for the delivery of the ASIC. It was thus agreed to postpone the joint 

integration of the base station with the terminal in September 2009. A new integration schedule was thus defined 

and agreed in April 2009.  

It was not possible to start the integration of the terminal  prior the actual availability of the MAGALI board and 

ASIC. As already mentioned, the first sample was made available with a 2 months delay end of March 2009, i.e. 

shifting the start of the terminal integration in June 2009. Due to human resources issues, it rapidly appeared that 

it would be difficult to develop in time the MAGALI units. In May 2009, CEA-LETI decided to develop a first 

version of the terminal in VHDL for FPGA according to the traditional data-flow approach. The different 

functionalities were integrated in the FPGA and validated according to the LLEP by September 2009. To prepare 

the integration, a PRBS generator provided by MERCE was integrated in the terminal to allow for BER 

measurements. 

The base station receiver was built as an incremental evolution of an existing OFDMA system. It was required 

to update some existing modules and to develop and integrate new ones. The development and the adaptation of 

the modules were carried out along with the individual integration of the base station. An OFDMA terminal was 

also available for internal purposes. The main modifications applied to turn the OFDMA base station into a SC-

FDMA system could also be applied to the terminal. It was thus possible to perform a preliminary integration 
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with a simplified terminal. The integration of the base station actually started in advance, once the main 

specifications were available. In December 2008, the OFDMA system was updated to be compliant with the 

main system parameters of the LTE in uplink. The base station was able to perform the channel estimation from 

the 3GPP/LTE DM reference signals (in SISO only). The RocketIO link used for synchronization and baseband 

integration was integrated and tested with the simplified terminal. The small AGC board and the associated 

VHDL driver were also integrated and tested with the OPUS front-end. In January 2009, a first version of the 

MMSE MIMO decoder for the SC-SFBC code was running on the platform for a single receive antenna. It was 

validated using an updated version of the channel estimation module compatible with MIMO. The DFT is a key 

component for single-carrier OFDM systems. The development of a DFT module able to handle all the 43 sizes 

specified for the 3GPP/LTE started before APOGEE and its development continued as part of APOGEE. The 

DFT module was finalized and integrated in both the base station and the terminal in April 2009. The rate-

matching functionality was integrated in March 2009 under a modified version able to achieve the puncturing of 

the NASA convolutional code implemented at that time in the base station. The MMSE MIMO decoder was 

updated to handle 2 receive antennas in August 2009. At the exception of a few modules, most of the base 

station functionalities were integrated and validated against the simplified MERCE terminal. 

The physical integration of the terminal with the base station started from the 23
rd
 to the 25

th
 of September in 

MERCE premises. CEA-LETI brought a terminal running the FPGA design. After a few adjustments, the 

RocketIO link was rapidly validated. At first, the synchronization pulses were generated by the terminal and 

provided to the base station through the RocketIO along with the digital baseband samples. Using the manual 

configuration of the terminal, the 5 basic scenarios were validated in SISO up to the output of the IDFT. The 

constellation was properly reconstructed with a MER greater than 35 dB. Due to a misalignment in the frame 

durations, the quality of the transmission could only be maintained over short periods of time. In any case, it was 

not possible to perform bit error rate measurements as the 3GPP/LTE TC decoder was not integrated in the base 

station at that time. The Ethernet link was also tested but not fully validated. Some issues were identified in the 

way the UDP protocol was handled in the terminal. This first integration phase was also the occasion to achieve 

some low-level tests on the high-speed serial link due to feed the transmit RF front-end with digital samples. 

This initial validation was held in the TeamCast premises close to MERCE. 

On the 9
th
 of November, MERCE received from CEA-LETI a terminal to continue the integration with the 

remote support of CEA staff. In the interval, the frame misalignment had been cured.  MERCE provided to 

CEA-LETI a timing alignment module that was updated and integrated in the terminal. The synchronization of 

the terminal on the base station timing reference transmitted over the RocketIO was validated by mid of 

November. The transmission of signaling through UDP over Ethernet was validated in December 2009. The base 

station was able to control the signal generated by the terminal on a sub-frame basis. At the exception of the H-

ARQ, all the reference functionalities were integrated and validated in January 2010 including the 3GPP/LTE 

Turbo Code, the slot-hopping, the dynamic insertion of SRS pilots for SINR and AGC. The SC-SFBC MIMO 

scheme was also validated by December 2009. The integration of the advanced channel coding schemes, the 

quasi cyclic LDPC from CEA and the duo-binary TC required some modifications on the base station side to be 

integrated. The support of the SRS also required the modification of the coding and decoding modules. The 

integration of these two channel coding schemes was achieved beginning of March 2010.  

The complexity of the entire receiver occurred to be more important than excepted. The current version of the 

receiver supports 2 receive antennas but cannot handle 4 antennas. This operation would require a deep 

modification of the design. It was decided to postpone this modification to allow for the integration of all the 

other features of the APOGEE demonstrator. At the exception of the support of 4 antennas, the integration of all 

the physical layer functionalities was finalized end of March 2010. Without the actual support of the openair2 

MAC layer in the terminal, it was required to develop a simplified protocol enabling the transmission of video 

captured from the 1Gbit Ethernet interface. The required functions running in the FPGA have been developed by 

CEA-LETI in collaboration with MERCE for the specifications from December 2009 and January 2010. The 

transmission of the video streaming was integrated and validated in February 2010. The overall design was 

permanently tested and updated to identify and cure the remaining bugs and to simplify the configuration and the 

use of the demonstrator.  

Besides the NoC version of the terminal was entirely developed, it was decided not to integrate it within the 

overall demonstrator. This aspect was not in the mainstream of the project and it would have required extra 

efforts that were best devoted to finalize the FPGA version. 

The integration of the RF front -ends with the APOGEE baseband equipments started in February 2010 in 

MERCE premises. TeamCast brought a sample of the digital board implementing the RF pre-corrections for the 

transmit RF front-end. The purpose was not to validate the pre-correction stage itself but the generation of the 

low-IF analogue signal from the digital samples received on the Cypress high-speed serial interface. The Cypress 

input port was connected to its mate on the terminal and the analogue output was connected to the low-IF input 
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port of the base station that is normally driven by the receive RF front-end. The first experiments showed that the 

receiver was able to demodulate the signal only for a short period of time after resetting the terminal. The 

Cypress link was rapidly identified as the cause of this trouble. The serial interface had been partially validated 

in September, but only for short patterns. Two days were required to finally discover that some samples were 

missing in the reconstructed signals. These samples were lost by the terminal due to a drift between the 30.72 

MHz system clock and the 100 MHz mother clock used by the Cypress. The protocol used to feed the Serdes had 

been defined by TeamCast under the assumption of synchronized clocks. The protocol periodically inserts 

specific bytes to both maintain the synchronization but also the overall sample rate at 30.72 MHz. If both the 

30.72 and 100 MHz are synchronized onto the same reference in the TeamCast platform, it is not the case for the 

CEA-LETI terminal. As a matter of fact, the 30.72 MHz frequency is synchronized onto a reference that is 

common to the terminal and the RF front-end but the 100 MHz clock is a free running clock. Thus, the system 

clocks on both sides are synchronized. The issue is to compensate the drift between the two Cypress clocks. This 

is done by using an elastic FIFO in the terminal that ensures a constant sample rate by inserting additional 

synchronization patterns when needed. 

Once the pre-correction board  validated, TeamCast proceeded to the encapsulation of the boards within the 

cases. The first RF front-ends were delivered by TeamCast on the 12
th
 of March 2010. The transmitting front-

end was tested and validated the same day. The receive RF front-end was validated end of March for only 2 

antenna paths working together (limitation of the baseband). However, all the 4 antenna paths were validated 

separately. The pre-correction stage embeds an AGC stage that maintains constant the power level of the low-IF 

analogue signal. This gain control is not compatible with a dynamic variation in the number of modulated 

physical resource blocks. This could be done but at the expense of transmitting a control signal to the RF front-

end. As a result, when the terminal is running in a standard mode, the pre-correction stage is bypassed. It is 

applied for demonstration purpose in a specific demonstration with transmission of a constant power signal. So 

far, the pre-correction stage has been validated in the context of an 8 MHz DVD signal. 

The development of the MAC layer  developed by Eurecom started with the adaptation to the context of the 

APOGEE project. As already stated, the MAC was due to be integrated on two different platforms, an ARM 

1176 on the terminal side and an IBM PowerPC for the base station. A critical step was first to make the original 

generic code compliant with both environments. As explained in Section 8.1.2.4, it was discovered in February 

2010 that the MAC layer could not be integrated on the terminal. Fortunately, it had been decided to test the 

MAC layer for the base station using the MERCE simplified terminal, i.e. with both entities running as in a 

normal system. The adaptation to the base station PowerPC started in September 2009 after transfer of the 

physical layer control to the processor. The integration was conducted in two steps. At first, the MAC layer was 

adapted to the PPC with emulation of the physical layer by UDP over Ethernet links. This operation is described 

as being part of the MAC implementation in Section 8.1.2.4. After complete validation of the MAC layer, the 

connection with the physical layer started in February 2010, when Eurecom delivered a new version of the 

openair stack tuned to the specific MCS/TBS of the APOGEE platform. The scheduler had also been simplified 

and updated. After integration of this new code, it was possible to transmit dummy data over the air while 

signaling was kept on the UDP over Ethernet link. It remains so far to integrate the application layer and 

implement the advanced scheduling and link adaptation schemes. 

The APOGEE uplink demonstrator was due to combine two MAGALI terminals both transmitting data to the 

base station. As the terminal does not implement the MAC layer, one of the two terminals is replaced by the 

MERCE terminal that integrates the MAC layer. Both terminals receive signaling from the base station and 

integrate a simplified MAC layer to perform the transmission of a video stream. The two streams are generated 

by a laptop running VLC configured to push data in UDP over Ethernet. The two movies are transmitted over-

the-air onto separate physical resource blocks. The base station decodes simultaneously the two streams that are 

pushed towards a PC running VLC configured to capture data in UDP over Ethernet. The base station is indeed 

able to decode several PRB transmitted onto the same TTI with in particular the ability to compute several IDFT 

onto the same sub-frame duration. 

8.1.2.6 Integration of the overall demonstrator (T3.6) 

The integration of the overall demonstrator originally dealt with the combination of the OPUS and APOGEE 

demonstrators. The APOGEE platform would have been used to transmit in RF the signaling of the OPUS 

demonstrator originally carried over an Ethernet link. Unfortunately, it was not possible to complete the 

integration of the OPUS demonstrator due to an unexpected behavior of the ARM processor in the FAUST ASIC 

of the OPUS platform. CEA-LETI decided to implement the OPUS receiver on the platform dedicated to 

APOGEE as a reference design. It was agreed that the scenario will consist in configuring the MAGALI chip to 

alternatively transmit uplink traffic towards the APOGEE receiver and receive downlink traffic from the OPUS 

original transmitter updated by Orange Labs for the context of APOGEE. 
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CEA-LETI devoted a great deal of effort to re-design the OPUS receiver on the MAGALI platform. The 

MAGALI ASIC has partially been specified taking the OPUS receiver as a reference design. End of 2008, the 

design was merely achieved with a validation in software using co-simulation in SystemC and VHDL. Due to 

difficulties met in the optimization of the 4×2 MIMO decoder, the design of the APOGEE transmitter was given 

priority in the first half of 2009. In December 2009, all the NoC modules at the exception of the MIMO decoder 

were validated on the hardware platform for the first 3 OPUS scenarios. End of March 2010, both the FPGA and 

ASIC modules - including the MIMO decoder - were integrated and running onto the platform. The platform was 

actually able to decode only one TTI. Some delay had been experienced in the design of the ARM function due 

to control the execution of multiple TTI. Once the ARM software was operational, some unexpected and erratic 

behaviors occurred on the NoC when executing multiple TTIs: two bugs were discovered and fixed on the 

OFDM unit (network interface and pipeline). At the time of writing, there is still one unexpected freeze in the 

network communication that is under investigation. The main issue was in fact to allow for the actual 

transmission of data between the OPUS base station and the new downlink receiver. 

There is no mean to integrate both systems in digital baseband due to a lack of the appropriate interface on the 

terminal. There was no extra space on the MAGALI board to integrate these interfaces along the ones required to 

interconnect with the APOGEE RF front-end. The only solution to interconnect with the OPUS base station is to 

transmit in RF. This would require the adaptation of the synchronization stages developed for OPUS in the 

APOGEE terminal. CEA-LETI already put a lot of resources to re-design the OPUS receiver in the MAGALI 

platform. As this development will be used in another coming project, it has been agreed not to spent additional 

resources in the integration of the downlink demonstrator. It was ultimately decided not to integrate the new 

OPUS receiver with the OL base station in favor of the uplink that was close to be fully integrated. 

8.1.3 Deviations from the initial plans 
As a whole, WP3 suffered from three significant deviations. The first one concerns the combined 

downlink/uplink demonstration scenario. It was initially planned to integrate the OPUS demonstrator within the 

APOGEE demonstrator to obtain a complete system with downlink and uplink transmissions. As explained in 

the previous section, this scenario was changed after the decision to recode the OPUS receiver on the new 

MAGALI platform. Due to the extra resources required to achieve the transposition, it was agreed to simplify the 

demonstration scenario. The system would have been able to either behave as the APOGEE transmitter or the 

OPUS receiver but not both at the same time. With the unexpected human resources issues met by CEA-LETI, it 

was required to develop a FPGA version of the APOGEE transmitter. Finally, both the APOGEE and OPUS 

terminals have been developed on the MAGALI platform using the NoC technology. As a whole, much more 

resources than expected were spent in this process. Taking into account that the new OPUS designed will be 

used in another platform, it has been agreed not to carry on with the actual integration of the OPUS receiver with 

the base station. All the extra resources were devoted to the finalization of the uplink APOGEE platform. 

The second deviation that affected WP3 is the delay for publishing the deliverables. The delivery of D3.1 [15] 

was expected in July 2008 simultaneously with the achievement of the first milestone due to assess the 

availability of the general specifications of the demonstrator. The first milestone was effectively reached in 

August but the final version of Deliverable D3.1 [15] was released on the 17
th
 of October 2008, i.e. with a delay 

of three months. This delay resulted from the combination of several factors. The first one is the care devoted to 

the specification of the demonstrator to guarantee its feasibility. It was also decided to delay the release of D3.1 

to allow for the completion of Deliverable D2.1 [12]. The finalization of the specification phase was initially 

planned in February 2009 through the J2 milestone. The refinement of the specifications was conducted in close 

collaboration with WP2 that released the D2.2 deliverable [13] defining the advanced PHY/MAC functionalities 

for the UL demonstration with some delay, precisely beginning of February 2009 instead of December 2008. As 

this material was needed as a basis for writing down Deliverable D3.2 [16], the edition of D3.2 was delayed to 

start after completion of D2.2. Taking into account some human resources restriction in MERCE, the WP3 

leader, the redaction of D3.2 drifted from February to May. All the following deliverables logically suffered 

from a delay, the persons in charge of the redaction being more or less the same for all partners (D3.3 [17] in 

September instead of March 2009, D3.4 [18] in April 2009 instead of October and D3.5 [19] in September 

instead of March. It is worth mentioning that this delay was not detrimental to the implementation activity. As 

the editor of all WP3 deliverables, MERCE decided after the reduction of its human resources on development 

activities, to put the emphasis on the development itself. The goal was to insure the success of the development, 

in itself rather ambitious. This strategy permitted to obtain an APOGEE demonstrator with merely all the 

functionalities implemented as planned. 

Some of the functionalities initially identified are indeed missing. The most important one is the lack of support 

for 4 antennas at the receiver. The current receiver is able to handle 1 or 2 antennas for MIMO processing. There 
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are actually not enough hardware resources in the receiver to handle the required function such as two new FFT 

processors.  It is therefore not possible so far to test the 4 receive paths of the RF MIMO front-end. The support 

of these 2 more antennas might be possible but at the expense of a rather deep modification in the receiver. It 

was agreed to focus on the achievement of all the other functions taking into account that the platform is already 

able to demonstrate MIMO technologies. 

The last deviation concerns the integration of the MAC layer. First, it occurred that the terminal could not 

integrate the MAC layer due to a hardware issue. This issue was merely the only one discovered within the 

terminal that is implemented on a board and a component both tested from foundry as part of the project. This 

kind of limitations is typical of the risks encountered in the first versions of a component. The MAC layer was 

finally integrated on the simplified terminal developed by MERCE as part of its internal activities. The MAC 

layer is integrated on the IBM PowerPC 405 processor embedded within the Virtex-II pro FPGA of the Nallatech 

motherboard. The FPGA was selected by Nallatech for its processor but for the support of RocketIO ports. As a 

result, the PowerPC can only rely on 4 Mbytes of external memory to run executables. It was therefore 

impossible to install an operating system on that platform. The integration of the MAC layer basic functionalities 

thus required a great deal of efforts to end up with a functional system at the end of the project. Resources and 

time were finally missing to integrate the frequency scheduling and link adaption advanced solutions, thus 

leading to the second and last deviations regarding the MAC layer. 

8.1.4 Results 
Section 8.1.2 provides a detailed description of WP3 activities and achievements. This section summarizes the 

main and practical results that are fully described within WP3 deliverables. The first and main result is the actual 

implementation of a real-time over-the-air demonstrator of a 3GPP/LTE based transmission system. The general 

architecture of the demonstrator is displayed on Figure 8-1. The demonstrator focuses on the uplink component 

of the 3GPP/LTE system. It is made of a two equipments implementing part of the functionalities of a terminal 

on one hand and of a base station on the other hand. RF transmission occurs only from the terminal to the base 

station. The downlink is emulated by means of wires for the synchronization over Xilinx RocketIO links and 

signaling over Ethernet links.  

 

 

Figure 8-1: General set-up of the APOGEE demonstrator. 

 

The purpose of this system is to validate and evaluate in realistic conditions the behavior and performance of 

advanced technologies foreseen as candidate for the future releases of the LTE system. As a research tool, the 

platform does not implement all the functionalities of the LTE system, but a reduced set of functions, sometimes 

in a simplified form to ease the implementation without losing in generality. The demonstrator implements the 
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so-called ñreferenceò and ñadvancedò functionalities. The reference solutions are either basic building blocks in 

the design of a SC-FDMA system, or technologies already standardized in the LTE that served to compare the 

performance of the advanced proposals.  

The main functionalities of the ñreferenceò demonstrator are listed below: 

¶ LTE Turbo Code with rate-matching 

¶ SIMO 1×1, 1×2 and 1×4 

¶ Slot-hopping 

¶ HARQ with Chase Combining 

 

The supplementary functionalities supported by the ñadvancedò version of the demonstrator are as follows:  

¶ Complete MAC with frequency scheduling and link adaptation (EURECOM) 

¶ Duo-binary Turbo Code (Orange Labs) 

¶ Quasi-cyclic LDPC (CEA-LETI) 

¶ SC-SFBC MIMO scheme (MERCE) 

¶ RF impairments compensation (TeamCast) 

 

As shown on Figure 8-2, the APOGEE platform implements in real-time most of the functional stages of a 

typical SC-FDMA system. The demonstrator is built from a terminal and a base station interconnected over-the-

air using MIMO RF front-ends designed as part of APOGEE. 
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Figure 8-2: Functional block diagram of the APOGEE prototype. 

8.1.4.1 Terminal  

As shown on Figure 8-3, the terminal is made of 4 physical entities: a MIMO RF front-end with two antenna 

ports, a small form factor box that implements all the baseband functionalities, desktop PC that is used to control 

the system and finally a laptop used to generate the video stream. The MIMO RF front-end and the terminal are 

interconnected through a digital baseband serial link to allow for the front-end to perform the adaptive RF pre-

correction. The signal is transmitted over-the-air in the 2.4-2.6 GHz band. The terminal is entirely autonomous. 

It retrieves its configuration on a sub-frame basis from the Base Station on its 100 Mbit/s Ethernet link. An 

RS232 link can eventually be used to configure the system using a hyper-terminal running on the laptop. The 

laptop is also interconnected to the terminal through a 1 Gbit/s Ethernet interface that carries the video stream to 

be transmitted. Finally, the terminal is interconnected to the Base Station through a RocketIO serial link that is 

used both to synchronize the terminal on the Base Station timing reference and also to carry the digital samples 

generated by the terminal. 
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Figure 8-3: Overview of the APOGEE CEA-LETI terminal. 

 

The baseband part of the Terminal is implemented on the CEA-LETI board (see Figure 8-4 and Figure 8-5). Its 

main components are a Xilinx V irtex5 FPGA and the MAGALI chip. The FPGA has at its disposal an external 

SRAM of 32 MBits (1M×36) and an external SDRAM of 512 Mbits (16M×32). An additional serial Flash of 32 

Mbits is also connected to the FPGA. The FPGA is connected to the Cypress CYP15G0201DX component to 

transmit data to the RF board through a high speed serial link. The board provides twoEthernet li nks, one 

running at 1 Gbit/s and the other one at 100 Mbit/s. The 100 Mbit/s link is used to retrieve the signaling from the 

base station while the 1 Gbit/s interface serves as the input port for the video streaming application. The board 

also features one high speed USB link and four RS232 links. The FPGA has at its disposal 8 Rocket IO links 

connected to two QSE-014 connectors. One of these links is used by the base station to provide a frame 

synchronization reference to the terminal. The reverse link carries the digital baseband signal generated by the 

terminal for validation purposes.. The board has also two dual DAC AD9745, two dual ADC AD9627 for the I/Q 

signals (12 bits), and an octal serial DAC AD5318 for the AGC control. Several oscillators are connected to the 

FPGA, notably a 122.880 MHz VCXO which can be aligned with the external 10 MHz clock provided by the RF 

board. The FPGA has also an external LVDS link with 80 pairs connected on two QSE-060 connectors. The 

FPGA is connected to the MAGALI chip through two network links, where each network link includes 80 wires. 

The MAGALI chip is connected to an external SRAM of 32 Mbits (1M×32). Regarding the possible further 

evolutions of this board, the FPGA socket is fully compatible with the LX110T, LX155T, LX220T, LX330T, 

FX100T, FX130T and FX200T which can be soldered on the Base band board, if larger FPGA resources become 

necessary. The current version of the terminal is fitted with a LX220T Virtex 5 FPGA.  

In future duplication of the board, the Power PC processors of the FPGA FX series could be used, if required. 

The external SDRAM and the external serial Flash memory can be used for the Power PC program. The external 

LVDS link (QSE-060 connectors) can be used for a possible extension of the network towards another board. 

 

MIMO RF front-end Digital baseband 

Control PC 

Application PC 
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Figure 8-4: Terminal baseband board architecture. 

 
 
 
 

 
Figure 8-5: Terminal baseband board top side. 

 

 

The MAGALI chip replaces the FAUST one (OPUS project) as the central chip for the Mobile Terminal 

prototype. The work done in 2008 on this circuit has been very huge. It was not funded by the APOGEE project; 

nevertheless, it seems to be important to point out the main innovations of the chip and the schedule for its 

integration in the prototyping platform of APOGEE.  

Figure 8-6 shows an overview of the MAGALI chip. Based on a Network-on-Chip (NoC) framework composed 

of 15 routers, it includes 21 units dedicated to computation or data moving. The main elements are the following: 
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o MEPHISTO core: a dedicated DSP for complex number efficient computation. This bloc can be used 

for algorithms such as MIMO decoding, channel estimation, CFO tracking, equalization or DFT.  

o SME core: a memory co-processor dedicated to efficient data moving. It allows flexible re-

combination of data, split or merge of data for dispatching in different cores. The micro-programming 

of this core makes it flexible enough to handle multiple telecom frames types.  

o Trx_ofdm core: an efficient FFT-based OFDM core. It is able to handle efficiently up to 2048 points 

FFT, with fast framing/deframing phases. It can be used both at the Tx or Rx part.  

o ARM1176: an IP CPU from ARM Company. This IP can support MAC protocol thanks to a 

completely programmable environment. A eCOS operating system allows flexible use of this core.  

o Tx_bit & Rx_bit cores: bit-based cores. The Rx part includes demapping, de-interleaving as well as 

HARQ support, while the Tx part includes mapping and interleaving.  

o WIFLEX, UWB_LDPC and ASIP: performing cores from Kaiserlautern University, dedicated to 

LDPC decoding and turbo-decoding. This part will not be used in the APOGEE project. 

 

20 21

SME
sme_21

SME
sme_21

22

MEPHISTO
mep_22

MEPHISTO
mep_22

23 24

MEPHISTO
mep_10

MEPHISTO
mep_10

11 12 13 14

01 02 03 04

10

00

SME_EXT
sme_10w

SME_EXT
sme_10w

MEPHISTO
mep_23

MEPHISTO
mep_23 ASIP

asip_24

ASIP
asip_24

nocif2

ARM CPU
arm11_11

ARM CPU
arm11_11

TRX_OFDM
trx_ofdm_20

TRX_OFDM
trx_ofdm_20

nocif1

UWB_LDPC
uwb_ldpc_14

UWB_LDPC
uwb_ldpc_14

MC8051
mc8051_12

MC8051
mc8051_12

SME
SME_13

SME
SME_13

TX_BIT
tx_bit_00

TX_BIT
tx_bit_00 SME

sme_01

SME
sme_01

TRX_OFDM
trx_ofdm_04

TRX_OFDM
trx_ofdm_04MEPHISTO

mephisto_01

MEPHISTO
mephisto_01 TRX_OFDM

trx_ofdm_03

TRX_OFDM
trx_ofdm_03

NOC_PERF
noc_perf_00n

NOC_PERF
noc_perf_00n

MEPHISTO
mep_21s

MEPHISTO
mep_21s SME

sme_22s

SME
sme_22s RX_BIT

rx_bit_23s

RX_BIT
rx_bit_23sTRX_OFDM

trx_ofdm_20s

TRX_OFDM
trx_ofdm_20s WIFLEX

wiflex_24s

WIFLEX
wiflex_24s

ARM CPU
arm11_11

ARM CPU
arm11_11

nocif2

nocif1

TX

RX

 

Figure 8-6 : MAGALI chip overview . 

 

Figure 8-7 shows the final floorplan of the chip. In red, we can see the routers of the NoC. This figure also shows 

the relative sizes of the different units. The SME cores, which embed most of the memory, are the larger units. 

We can also see the importance of the ARM core which is the general controller of the MAGALI chip.  

Two versions of the terminal were actually designed, a first one entirely implemented in the FPGA according to 

the traditional data-flow or streaming approach and the second one implemented in both the ASIC and the FPGA 

using the CEA-LETI MAGALI NoC technology. Figure 8-8 depicts the general architecture of the FPGA 

solution. A Xilinx MicroBlaze FPGA microcontroller configures the physical layer from the signalling brought 

by the Base Station through the 100 Mbit/s Ethernet. The physical layer is implemented entirely within the 

FPGA with two antenna ports for MIMO transmission. Two channel emulators are implemented in the FPGA, 

and placed at the outputs of the two SISO links. The two baseband signals are applied to both the Cypress serial 

link to interconnect with the MIMO RF front-end and to the RocketIO link for digital interconnection with the 

Base Station. 
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Figure 8-7: MAGALI final floor plan. 

 

 

 

Figure 8-8: APOGEE Transmitter - FPGA architecture. 

 

The second version of the transmitter relies on the MAGALI NoC technology. The transmitter is implemented as 

a set of functional modules interconnected through a 2D high-speed network. The design spreads on both the 

MAGALI ASIC and the FPGA. The MAGALI ASIC provides generic and configurable functional modules for 

transmission systems (bit level processing, FFT, memories, digital signal processing, etc). The FPGA serves for 
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design and how the different functionalities of the transmitter are mapped onto the MAGALI units. Figure 8-10 

shows the routes that are activated to drive data between the MAGALI units. The flow originates from the FPGA 

to either carry PRBS bits or the video stream retrieved from the 1 Gbit/s Ethernet link. After some bit-level 

operations performed within the FPGA, the flow goes to the ASIC to achieve the signal generation up to OFDM 

modulation. Finally, the samples are retrieved in the FPGA to be applied to the output ports. Table 8-1 shows the 

results in terms of area, performance, configuration time and power consumption for the APOGEE transmitter.  

 

 

Figure 8-9: Mapping of the transmitter on the MAGALI platform.  

 

 

 

 

Figure 8-10: Data flow on the MAGALI platform.  
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Total
Used in 

LTE Tx

MEPHISTO 400  2580   5   1

OFDM 400   330   4   2

RX_BIT 333  1560   1   0

TX_BIT 400   213   1   1

UWB_LDPC 400       8   1   0

WIFLEX 400  3010   1   0

ASIP 400 16675   1   0

ARM11 313 ð   1   1

DCM 350 ð   4   2

DCM_EXT 350 ð   1   0

NODE 530 ð  15  10

NOCIF 200 ð   2   1

I/O 200 ð   1   1

TOTAL (Tx instances) 3,45 µs

Instances

P
ro

c
e
s
s
in

g
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o
re

s
O

th
e
r 

u
n
it
s

Operating 

Frequency 

(MHz)

Configuration 

Time (ns)

 
Table 8-1: MAGALI implementat ion results. 

 

8.1.4.2 Base Station 

As shown on Figure 8-11, the base station is made of 3 entities, a MIMO RF front-end with 2 transmit antenna 

ports, a desktop computer that embeds the board implementing the physical and data layers and an additional 

computer that serves to display the video stream transmitted by the terminal. The desktop PC is also used to 

control the baseband board that unlike the terminal cannot be run in a standalone mode. The same application 

also provides monitoring facilities with display on the PC screen. The same PC could also be used to display the 

video stream, but it is not powerful enough to execute both the control and monitoring application and the video 

decoding. An additional PC is thus used to simply handle the video decoding and display. 

 

 

Figure 8-11: Overview of the APOGEE base station. 
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The baseband part of the base station is implemented on a commercial board, namely the BenNUEY-PCI-4E 

board from Nallatech. As shown on Figure 8-11, this board is enclosed within the case of a PC. The BenNuey-

PCI-4E is a full-length PCI card with three Nallatech proprietary slots available for insertion of specific 

daughter-boards. The motherboard provides a Xilinx Virtex-2 pro FPGA dedicated for one part to user 

applications. This FPGA embeds two IBM PowerPC 405 processors also available for user applications. For 

storage purpose, the board includes 8 Mbytes of ZBT SRAM as 4 independent banks. The BenNuey-PCI-4E 

board also embeds on its front-panel four RJ-45 Gigabit Ethernet I/O ports. The PHY layer of the Ethernet ports 

is implemented using an external Quad PHY device interconnected to the Virtex2-pro. The Virtex2-pro FPGA 

integrates 8 RocketIO transceivers allowing high speed serial transmissions. 

 

 

Figure 8-12: Final set-up with fans and RF daughter board on top of the BenTEST-H. 

 
As displayed on Figure 8-12, the Nallatech motherboard is populated with three daughter boards: The first slot of 

the Nallatech motherboard is populated with a BenBLUE-V4 DIME-II module that combines two Xilinx Virtex-

4 lx160-11FPGA and 64 Mbytes of DDR-II SRAM in 8 independent banks. The second slot of the Nallatech 

motherboard is populated with a BenADC-V4 DIME-II module that combines one Virtex-4 lx160-11 FPGA, 16 

Mbytes of DDR-II SRAM in 2 independent banks and a 4×12 bit/250 MSPS analogue-to-digital converters 

(ADC). The last slot is populated with a BenTEST-H DIME-II expansion module that provides more than 300 

test lines via standard 0.1ôô (2.54 mm) pitch header (HE-10). In the present case, the BenTEST carries a board 

dedicated to the control of the RF front-end AGC signals (See Figure 8-13). The 4 FPGAs are equipped with a 

fan to avoid overheating.  

The BenTEST module is itself used as a support for an additional board dedicated to the control of the RF 

receiverôs gain. Each branch of the receive RF front-end implements two programmable attenuators dedicated to 

Automatic Gain Control. The baseband part must thus generate 8 analogue signals to independently control the 4 

antenna branches. Without any remaining pins available on the Nallatech motherboard, a dedicated board was 

designed to generate the required analogue signals from digital inputs forwarded by the design to the board using 

a BenTEST module. To avoid the design of a dedicated PCB, the board is implemented on a solder lacquered 

prototyping board with a standard holes spacing of 2.54 mm (HE-10 pitch). The 8 analogue signals are made 

available on HE-10 connector. The DAC itself is fitted on a CMOS adaptor. Figure 8-13 displays a more detailed 

view of the RF control board.  

Figure 8-14 depicts the functional interfaces used to interconnect the baseband part of the base station with the 

RF receiving front-end, the terminals and the host PC. The BenNUEY-PCI-4E is enclosed in the PCI slot of the 

host PC (See Figure 8-15). To facilitate the interconnection with the RF front-end and the terminal, all the 

connectors of the Nallatech board have been replicated on the rear side of the host PC (See Figure 8-16). 
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Figure 8-13: Ad-hoc RF control board. 

 
 

 

Figure 8-14: Functional interface between the baseband and RF parts of the base station. 
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Figure 8-15: Baseband board enclosed in the host PC. 

 

 

 

 
Figure 8-16: IO interfaces available on the rear panel of the host PC. 

 

The Nallatech board provides 2 IBM PowerPC 405 processors and 4 Xilinx FPGAs for implementation of user 

functionalities. The baseband part of the physical layer is entirely implemented on the FPGAs. The PPC 

processors are used for the implementation of the MAC layer. Figure 8-17 graphically shows the mapping of the 

physical and MAC layers on the Nallatech computing resources.  

The physical layer is mainly implemented on the Nallatech BenBLUE module that embeds two Xilinx Virtex 4 

lx160 FPGAs entirely dedicated to user application. A third Xilinx Virtex-4 lx160 FPGA is embedded on the 

BenADC-V4 module primarily devoted to sampling the 4 signals coming from the RF front-end. Some resources 

are also available in the Virtex-2 pro enclosed on the Nallatech motherboard for handling the RocketIO and 

Ethernet interfaces. As shown on the left hand side of Figure 8-17, the 4 FPGAs are interconnected by a number 

of bi-directional busses that handle transmission at a minimum speed of 60 MHz (up to 200 MHz for some 

links). The different functions are mapped according to a path going from the BenADC module to the Virtex-2 

pro FPGA embedded on the Nallatech motherboard that handles the communication with the MAC layer and 

thus the host PC. Table 8-2 gives the overall complexity of each FPGA with respect to the available resources. 

The complexity is measured in number of basic elements constituting the Xilinx FPGA: 4-input look-up table 

(LUT), fast multipliers (DSP48 for virtex4 and MULT18 for Virtex2pro), flip-flops (FFs) and number of 16,384 

bit blocks of RAM (BRAM). 
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Figure 8-17: Functional mapping of the physical layer. 

 

 

 FFs LUTs SLICEs  DCMs DSPs RAMB16 

V4LX160 prim  62,485  75,814 54,372  6 45 183 

V4LX160 sec 40,542  63,992  42,842  5 61 222  

V4LX160 (1) 72,061 75,778  62,813 5 88 213 

V2pro  7,442  8,811 8,055  6 3 93 

TOTAL  182,530  224,395  168,082  22 197  711  

Utilization (%)  40 49 74 50 37 65 
(1): Including the TCC decoder with 4 cores, LDPC and CONV decoders  

Table 8-2: Complexity figures of the base station baseband receiver. 
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8.1.4.3 Uplink platform  

Figure 8-19 and Figure 8-18 show the APOGEE platform fully integrated and running with over-the-air 

transmission in the WiFi band. Figure 8-18 focuses on the two main components of the platform, respectively 

the base station and the terminal. The uplink demonstrator was due to include two similar terminals. As 

previously explained, the actual APOGEE terminal does not implement the APOGEE MAC layer due to 

hardware issues. Thus, the second terminal has been replaced by the simplified MERCE terminal that 

implements the MAC layer, initially for debugging purposes. Figure 8-19 shows the entire uplink platform with 

the CEA-LETI and MERCE terminals each transmitting a movie towards the base station. Some of the main 

functionalities are illustrated on Figure 8-20, Figure 8-21 and Figure 8-22 captured from the base station 

monitoring tool. 

 

 

Figure 8-18: General overview of the APOGEE uplink platform . 

 

 

 

 

Figure 8-19: Overview of the overall APOGEE demonstrator. 
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