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Abstract  

This report summarizes the cross-layer mechanisms developed in task 2.4. These methods target optimized 
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Executive Summary 

 

The existing wireless communication technologies are not sufficient to provide fair data rate to support the 

services targeted by the OMEGA project, as discussed in the deliverable D2.1. Improvements as well as novel 

mechanisms and technologies at the physical layer were presented in D2.4, while at the MAC and Inter-MAC 

layer in D2.5. Cross-layer mechanisms are fundamental to exploit the enhancements of single layers and provide 

significant throughput improvements in the OMEGA usage scenarios. In this deliverable D2.6, we present 

several cross-layer mechanisms and related performance studies. In detail, this deliverable covers the following 

topics: 

  

¶ Multiuser MIMO (MU-MIMO) technology: in this section we deal with techniques that use multiple 

antennas at the transmitter and the receiver in a multiuser scenario; 

  

¶ Interference-mitigation techniques and soft-spectrum management approach: in this section we present 

mechanisms on adaptive spectrum sharing and interference mitigation algorithms; 

  

¶ Joint optimization of MAC and PHY mechanism: in this section we analyze the improvement 

achievable with the intelligent combination of PHY and MAC mechanisms as well as the exploitation 

of their synergy effects; 

  

¶ Self-organizing, cooperative radio networks: in this section we consider mechanisms that impact the 

quality and the reliability of the transmission links in coexisting and cooperative multiuser/multi-

technology scenarios. 
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1 Multiuser MIMO technology  

Multiuser MIMO transmission that allows simultaneous transmissions from/to access points (APs) to/from 

mobile terminals (MTs) is a promising technique for increasing the spectral efficiency of WLAN and WPAN 

systems due to their inherent multiuser diversity. Multiuser MIMO transmission provides more efficient use of 

spatial dimensions by allowing simultaneous transmissions. The aim of this work is to develop a system 

architecture for new high-throughput wireless multiple link systems based on multiuser MIMO and thus realize a 

cross-layer-optimised MIMO technology for the next generation WLANs and WPANs. 

1.1 MU-MIMO for WLAN appli cations 

1.1.1 Spatial channel model  

1.1.1.1  General considerations and definitions 

Spatial channel models are characterized by a dedicated MIMO correlation matrix used to generate correlation 

between different transmission chains in a MIMO context [SGL03]. Several approaches have been adopted. 

MIMO METRA model [KSP02] utilizes a dedicated correlation matrix to generate correlation between 

transmission chains where correlation does not explicitly  depend on spatial signature of the multipath channel. 
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Figure 1-1: MIMO PHY transmission chain  

 

The second approach resorts from a geometrical analysis of AoD (Angle of Departure) and AoA (Angle of 

Arrival) that lead to a correlation between transmission chains by considering spatial multipath signature of the 

multipath channel3GPP03. We denote this modelling approach as geometrical based MIMO channel model 

which has been investigated in the context of 3GPP and is currently extended for 60 GHz WPAN 

communications in the context of IEEE802.11ad group. This model has been adapted by FTR&D to WLAN 

channels issued from TGn group leading to MIMO WLAN channel models [SL04] adopted in the IST-FP6 

MATRICE project [MATR]. Geometrical based MIMO channel model concept is illustrated by Figure 1-2. 
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Figure 1-2: Spatial components of multipath propagation channel 

 

In SISO configuration, we usually define Power Delay Profile Pt(t) to describe the multipath channel with the 

power and the relative delay of each tap of the impulse response of the channel. The Power Angular Profile per 

path (PAP_per_path) provides the spatial distribution of each tap associated to a relative delay ti and a power 

P(ti) of a given tap i. The Power Angular profile (PAP) provides the angular spreading summed up upon all 

multipath contributions. The Power Angular and Delay Profile (PADP) is given by Pq,i(q,t). We consider a 2D 

model with a q angular dependency in the azimutal plane. At each Tx and Rx, the PADP Pq,i(q,t), the PAP Pq(q) 

and the PAP_per_path Pq,i(q,ti) are expressed as follows:  
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(1-1) 

 

      

The angular spread sAS quantizes the standard deviation of the significant powered rays of the channel. 

Physically, the angular spread per path selects rays positioned onto a single cluster corresponding to a given 

relative delay combined with the distribution of clusters. The angular spread integrates all rays forming the 

composite power angular profile Pq(q) along with a narrowband approach.  
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The angular spread sAS is similar as the RMS Delay spread sDS but considers spatial power distribution instead 

of relative delay power distribution on the power profile of the channel. 
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Correlation matrix is generated by using distributions as follow: 
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Xij (i-th receiving and j-th transmitting antenna) are correlated zero-mean, unit variance, complex Gaussian 

random variables as coefficients of the variable (Rayleigh) matrix HV, exp(jfij) are the elements of the fixed 

matrix HF, K is the Ricean K-factor, and P is the power of each tap. 

To correlate the Xij elements of the matrix X, the following method can be used: 

 

[][ ] [ ][ ]2/1

txiid

2/1

rx RHRX =  (1-5) 

       

where Rtx and Rrx are the receive and transmit correlation matrices, respectively, and Hiid is a matrix of 

independent zero mean, unit variance, complex Gaussian random variables, and  

[ ][ ]

[ ][ ]rxijrxR

txijtxR

r

r

=

=  (1-6) 

 

where rtxij are the complex correlation coefficients between i-th and j-th transmitting antennas, and rrxij are the 

complex correlation coefficients between i-th and j-th receiving antennas.  

1.1.1.2 WLAN MIMO Channel models (TGn group) 

In the case of WLAN, the TGn group developed MIMO channel model adapted to the multipath Saleh 

Valenzuela model by considering spatial distribution of AoA and AoD associated to each cluster of the Average 

Power Delay Profile of the channel [Vinko04]. It can be computed once we fix the Power Angular Spectrum 

(PAS), the Angular Spread (AS), the mean angle-of-arrival (AOA), the mean angle-of-departure (AoD), and 

power decay profile. A relation is established between the PAP and the PDP by defining a dependency between 

the RMS delay spread and the Angular RMS spread. 

AS DS10log( ) 3.2 Log( ) 9.88s s= Ö +  (1-7) 
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Figure 1-3: AoA spatial spreading associated to the Saleh-Valenzuela multi-cluster model  
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Furthermore, the model includes Doppler power spectrum with a bell-shape Doppler power spectrum, so we 

consider TGn channel models as hybrid models between METRA model and 3GPP MIMO model concept. 

Multipath AoA and AoD spatial distribution is associated to each cluster. For WLAN scenarios several clusters 

are considered associated to each Average Power Delay Profile as summarized in the next table.  

 

Environment Condition Number of 

Cluster 

Model Angular  

spread sAS(°) 

RMS delay 

spreadsDS 

Residential LOS 2 B ï LOS 23.1 15 ns 

NLOS 2 B - NLOS 23.1 15 ns 

Residential/ 

Small Office 

LOS 2 B - LOS 23.1 15 ns 

NLOS 2 C - NLOS 28.9 30 ns 

Typical Office LOS 2 C - LOS 28.9 30 ns 

NLOS 3 D - NLOS 34.0 50 ns 

Large Office LOS 3 D - LOS 34.0 50 ns 

NLOS 4 E - NLOS 42.5 100 ns 

Large Space (Indoors 

and Outdoors) 

LOS 4 E - LOS 42.5 100 ns 

Table 1-1: WLAN scenarios and Angular and RMS delay spread 

 

The AoD/AoA power Angular distribution follows a Laplacian distribution: 

2 / AS1
p( ) e

2

q s
q

s

-
=  

The angular distribution of the channel B and E are given in the next tables. 
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CHANNEL 

B 

TAP INDEX  1 2 3 4 5 6 7 8 9 

 Excess delay [ns] 0 10 20 30 40 50 60 70 80 

Cluster 1 Power 

[dB]  

0 -5.4 -10.8 -16.2 -21.7     

AoA AoA 

[°]  

4.3 4.3 4.3 4.3 4.3     

AS 

(receiver)  
AS 

[°]  

14.4 14.4 14.4 14.4 14.4     

AoD AoD 

[°]  

225.1 225.1 225.1 225.1 225.1     

AS 

(transmitter) 
AS 

[°]  

14.4 14.4 14.4 14.4 14.4     

Cluster 2 Power 

[dB]  

  -3.2 -6.3 -9.4 -12.5 -15.6 -18.7 -21.8 

AoA AoA 

[°]  

  118.4 118.4 118.4 118.4 118.4 118.4 118.4 

AS  AS 

[°]  

  25.2 25.2 25.2 25.2 25.2 25.2 25.2 

AoD  AoD 

[°]  

  106.5 106.5 106.5 106.5 106.5 106.5 106.5 

AS  AS 

[°]  

  25.4 25.4 25.4 25.4 25.4 25.4 25.4 

Table 1-2: Channel B: angular and time delay parameters 

 

 

CHANNEL 

E 

TAP 

INDEX  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

 Excess 

delay 

[ns] 

0 10 20 30 50 80 110 140 180 230 280 330 380 430 490 

Cluster 1 Power 

[dB]  

-2.6 -3.0 -3.5 -3.9 -4.5 -5.6 -6.9 -8.2 -9.8 -11.7 -13.9 -16.1 -18.3 -20.5 -22.9 

AoA 

 
AoA 

[°]  

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

163.

7 

AS 

(receive) 
AS 

[°]  

35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 

AoD AoD 

[°]  

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

105.

6 

AS 

(transmit) 
AS 

[°]  

36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 36.1 

Table 1-3: Channel E: angular and time delay parameters (cluster 1) 
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CHANNEL 

E 

TAP 

INDEX  

5 6 7 8 9 10 11 12 13 14 15 16 

 Excess 

delay [ns] 

50 80 110 140 180 230 280 330 380 430 490 560 

Cluster 2 Power 

[dB]  

-1.8 -3.2 -4.5 -5.8 -7.1 -9.9 -10.3 -14.3 -14.7 -18.7 -19.9 -22.4 

AoA  AoA 

[°]  

251.8 251.8 251.8 251.8 251.8 251.8 251.8 251.8 251.8 251.8 251.8 251.8 

AS AS 

[°]  

41.6 41.6 41.6 41.6 41.6 41.6 41.6 41.6 41.6 41.6 41.6 41.6 

AoD  AoD 

[°]  

293.1 293.1 293.1 293.1 293.1 293.1 293.1 293.1 293.1 293.1 293.1 293.1 

AS AS 

[°]  

42.5 42.5 42.5 42.5 42.5 42.5 42.5 42.5 42.5 42.5 42.5 42.5 

Table 1-4: Channel E: angular and time delay parameters (cluster 2) 

 

  

CHANNEL 

E 

TAP 

INDEX  

9 10 11 12 13 14 15 16 17 18 

 Excess 

delay [ns] 

180 230 280 330 380 430 490 560 640 730 

Cluster 3 Power 

[dB]  

-7.9 -9.6 -14.2 -13.8 -18.6 -18.1 -22.8    

AoA AoA 

[°]  

80.0 80.0 80.0 80.0 80.0 80.0 80.0    

AS AS 

[°]  

37.4 37.4 37.4 37.4 37.4 37.4 37.4    

AoD AoD 

[°]  

61.9 61.9 61.9 61.9 61.9 61.9 61.9    

AS AS 

[°]  

38.0 38.0 38.0 38.0 38.0 38.0 38.0    

Cluster 4 Power 

[dB]  

      -20.6 -20.5 -20.7 -24.6 

AoA AoA 

[°]  

      182.0 182.0 182.0 182.0 

AS AS 

[°]  

      40.3 40.3 40.3 40.3 

AoD AoD 

[°]  

      275.7 275.7 275.7 275.7 

AS AS 

[°] 

      38.7 38.7 38.7 38.7 

Table 1-5: Channel E: angular and time delay parameters (cluster 3 and 4) 

 

As a summary, the extension from SISO to MIMO is performed by: 

¶ Using a SISO channel on each link of the MIMO channel 

¶ Applying correlation matrices at the transmitter and at the receiver calculated thanks to the following 

parameters defined for each TGn channel and on the antennas separation 

Å The power angular spectrum (PAS) shape 

Å The angular spread 

Å The mean angle-of-arrival (AoA) or angle-of-departure (AoD) (Laplacian distribution) 

Å Individual tap powers 
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The Average Power Delay profiles of the WLAN channel E and B are illustrated below. 
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Figure 1-4: Average Power Delay Profiles of the WLAN 11n channel models (TGn) 

 

1.1.2 MU-MIMO Techniques  

1.1.2.1 Pros and cons between OFDMA and SDMA 

In this part, we propose a discussion on pros and cons between OFDMA and SDMA, which are the main 

multiple access techniques envisioned for the future WLAN generation. 

OFDMA 

A simple orthogonal solution for multiple access 

The OFDMA technique has the strong advantage of being a quite simple solution to implement. Indeed, this 

technique attributes to a specific user subset of subcarriers on which one will be the only transmitter. Different 

users can therefore be multiplexed in the frequency domain, in the limit of available subsets of subcarriers on the 

overall operating bandwidth. The orthogonality of this scheme which does not lead to any interference between 

users is a great advantage for the simplicity of the transmitter and the receiver (no interference cancellation 

algorithms is to be implemented) and for the prediction of the performance of OFDMA. 
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Channel knowledge at the transmitter not always required 

An implementation of OFDMA is to attribute subsets of subcarriers to different users without any information of 

the channel quality. In that case, if a user gains a subset of subcarriers, the controller will choose a subset of 

subcarriers among the ones that are still available in an arbitrary way. This solution is not optimal in terms of 

performance as it does not exploit multiuser diversity, but has the advantage of being able to work without any 

feedback of channel state information from the different users. 

 

Better performances with channel state information feedback 

If the channel state information from all users is available in the AP for an OFDMA transmission in downlink, 

not only link adaptation, power repartition and beamforming techniques can be applied to improve each link, but 

multiuser diversity can be exploited. The multiuser diversity can be simply explained by the fact that: 

- As the channel quality of each link is evolving in time, at a certain instant some users will have a very 

good channel and some will be in deep fades.   

- If the scheduling can take that information into account and always transmit for example towards the 

user with the best channel, the channel quality of the overall transmission will be very high and the 

global throughput will be increased. 

 

Scheduling algorithms that exploit the multiuser diversity can be applied on each subcarrier or on a subset of 

subcarriers. If the scheduling is applied on a subset of subcarriers, the amount of feedback required at the 

transmitter is divided by a factor of the number of subcarriers per subsets. Depending on the granularity of the 

modulation and coding schemes, the use of linear precoding techniques on each subset of subcarriers can even 

improve the performance of the scheduling scheme. 

 

Difficulties to reach the Gbps MAC throughputs requirement 

The main drawback of OFDMA is that it devises the available throughput between the different users. There are 

no differences between multiuser and single user transmission, because an OFDMA system with ten users or an 

OFDMA system with one user presents the same constraints, which are therefore the same constraints as those of 

an OFDM system. In other words, adding one user to an OFDMA system does not lead to an increase of the 

maximum multiuser throughput. 

In order to fulfil the throughput requirements, we therefore need to define an OFDM configuration which 

provides Gbps MAC throughput for each link. Based on that and looking at the results obtained in the previous 

section, possible options are: 

- A configuration of four transmit and four receive antennas for each STA and AP with 80 MHz. This 

will lead to a strong requirement on MAC efficiency of more than 80 %. Note that this can be obtained 

with the current MAC layer with a probably unrealistic aggregation of 2048 kbits. 

- A configuration of six transmit and six receive antennas for each STA and AP with 80 MHz. This will 

lower the constraints on the MAC layer to 60 %. Having six antennas on small handset devices seems 

quite unrealistic. 

- A configuration of eight or ten transmit and receive antennas for the AP and some STAs (set top boxes 

for examples), and some STAs with only two or four transmit and receive antennas (handsets). In that 

case, the single link transmission towards STAs with eight or ten antennas will enable to outperform the 

Gbps MAC throughput requirements. A simultaneous transmission towards a STA with eight or ten 

antennas and towards a STA with two or four receive antennas will make the multilink requirements 

possible. But in that case, the multilink transmission is worse than the single link transmission which 

does not perform as expected by VHT.  
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As a conclusion, OFDMA:  

- is a quite simple solution,  

- does not requires necessarily channel state information of each link at the transmitter,   

- can benefit from multiuser diversity in case the transmitter has some CSI at the transmitter, 

- hardly achieves the throughput requirements 

If we could achieve 80 % MAC efficiency, OFDMA is a promising approach. Otherwise it is no longer an issue. 

 

SDMA 

A more complex non-orthogonal solution for multiple access 

The SDMA scheme uses the spatial dimension to discriminate different users. The basic idea is if two different 

users are sufficiently far from each other, the AP can simultaneously transmit to these two users on the same 

frequency band by simply using two different beams oriented towards each user. 

Even if the concept is simple, the implementation is quite challenging because:  

- the transmitter necessarily needs to have channel state information like angle of departure for each user,  

- the spatial separation is not often perfect (non orthogonal), especially when the number of users 

increases, which leads to strong interferences which can severely decrease the transmission quality. 

 

Channel knowledge at the transmitter is always required 

By construction, some channel knowledge needs to be fed back to the transmitter to enable SDMA. If the 

scheme was orthogonal, the channel knowledge could have been quite limited (only angle of departures for 

example). However, as the spatial separation is non-orthogonal, denser information needs to be available at the 

transmitter to lower the interferences at the receiver. Therefore, the requirements in terms of feedback are high. 

 

It can be benefited from mul ti -user diversity 

In case the number of users that want to transmit or receive information is higher than the number of user that 

can transmit or receive simultaneously due to SDMA, a selection between users needs to be performed by a 

scheduling scheme. In that case, as same channel state information is by construction available for each user, 

scheduling techniques can easily be applied to benefit from multiuser diversity. Selecting the users with the best 

channel quality and which generates/suffers from the lower interference level is one solution amongst others. 

 

Throughput requirements can easily be reached 

With SDMA, adding one user can increase the multilink transmission throughput because the multiuser channel 

composed (in downlink) of the links between the transmit antennas from the AP to the receive antennas from all 

the different users can be seen as the equivalent MIMO channel for the global transmission. As an example in 

Figure 1-5, we consider an AP having eight transmit antennas and that there are three users, each of them with 

two receive antennas. The overall MIMO channel is seen as an 8x6 MIMO channel and six spatial streams can 

be simultaneously transmitted via SDMA techniques, two streams towards each user. 

If another user enters the BSS, there are now four users, each of them with two receive antennas. The overall 

MIMO channel becomes an 8x8 MIMO channel and eight spatial streams can now be transmitted 

simultaneously, increasing the overall throughput. 
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Figure 1-5: Equivalent MIMO channel with SDMA   

 

Due to this property, it is possible to have unbalanced number of antennas in APs and in devices, unlike with 

OFDMA. Assuming ten, twelve or even 16 antennas in the AP, as some actors propose, the Gbps MAC 

throughput target in a multilink transmission is easily obtained with a sufficient number of stations and 

eventually sticking to a 40 MHz bandwidth. Concerning the single link transmission MAC throughput target of 

500 Mbps, it can be fulfilled by increasing the number of antennas in for instance set top boxes. 

 

As a conclusion, SDMA 

- is a complex solution to implement, 

- necessarily requires the feedback of channel state information from each user, 

- can benefit from multiuser diversity, 

- can reach the throughput requirements, assuming an increase of the number of antennas, especially in 

the AP. The cost of such a solution can be quite important for the AP. 

SDMA is therefore a strong candidate perfectly adapted to the TGac objectives. Finding an efficient structure for 

the required feedback is however crucial to keep the throughput gains provided by this technique. 

 

1.1.2.2 Analysis of the MAC efficiency with an example of SDMA protocol 

  

Channel state information (CSI) for each user is required in advance of an SDMA transmission. In this first 

protocol, implicit channel state information (CSI) is considered, meaning that the channel estimation is 

performed on the reverse link (uplink). It is easy to retrieve the downlink CSI from the uplink estimation as 

uplink and downlink channels are reciprocal. However, this is true for the channel and not for the RF 

components at the transmitter and at the receiver. Implicit CSI therefore requires a calibration which is 

performed with a much lower periodicity constraint. Implicit CSI has the advantage of lowering the amount of 

sounding overhead compared to explicit feedbacks. A protocol for explicit CSI is presented in Figure 1-7 for a 

comparison. 

 

Protocol details 

1) For both protocols, an SDMA session starts with a training request message (TRM) sent by the AP once it 

gains the channel access through EDCA process. This TRM message is sent to  

- solicit CSI feedback, 

- provide NAV protection for uplink training symbols. 
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Figure 1-6: SDMA protocol for DL with implicit CSI  

 

 

Figure 1-7: SDMA protocol for DL with explicit CSI  

 

It contains the following information: 

- it identifies STAs from which training is solicited, 

- it specifies the number of streams for each STA, 

- information how STAs should send their training so that the AP can distinguish between STAs (for 

implicit training), 

- ranging information, which can be very helpful for uplink multiuser synchronisation. 
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2) Sounding packets are sent from each STA to the AP using a multiple access technique in order to reduce the 

overhead. This uplink multiple access is quite challenging especially for synchronisation and channel estimation. 

3) A CTS packet can then be sent for NAV protection of the following SDMA data transmission. 

4) Data packets are sent from the AP to different stations simultaneously using downlink SDMA. 

5) Finally, block acknowledgements (BA) are sent in uplink simultaneously using a multiple access technique, 

like the sounding packets in order to reduce the overheads. 

 

Discussion  

Figure 1-8 presents at the top the MAC efficiency results for DL SDMA protocol for different antennas 

configurations in the AP (four and eight antennas), different bandwidths (40 MHz, 60 MHz and 80 MHz) and 

different application throughputs. The simulation scenario is made of three STAs using HD video streams of 100 

to 400 Mbps for a total application throughput of 330 Mbps to 1320 Mbps (including 10% frame 

retransmissions). The TXOP of an SDMA frame is fixed to 1 ms. Figure 1-8 also shows on the figures at the 

bottom the MAC throughputs that can be obtained. Note that perfect radio link conditions are considered. 

 

 Antennas 1 2 3 4 5 6 7 8 

Channel bandwidth           

40 MHz   150 300 450 600 750 900 1050 1200 

60 MHz   225 450 675 900 1125 1350 1575 1800 

80 MHz   300 600 900 1200 1500 1800 2100 2400 

Table 1-6: Maximum PHY data rate 

 

Physical layer data rate considered in the following figures, assuming a 64-QAM with a code rate of 5/6, and a 

short guard interval of 400 ns. Note that the 80 MHz data rates are a simple multiplication of the 40 MHz 11n 

data rate. MAC efficiency is calculated as the ratio between MAC layer throughput and PHY layer throughput. It 

can be shown that using four antennas at the transmitter, it is not possible to reach 1 Gbps. The Gbps can be 

reached using eight antennas with 60 MHz. Note that when the curves deviates from the saturation reference 

(light blue curve), the system saturates. Saturation means that MAC layer becomes unable to offer required 

throughput by the application layer. Using this saturation level, it is possible to draw a line on the MAC 

efficiency curves to show that the maximum MAC efficiency is equal to 55 %. As example, using four antennas 

and 80 MHz of bandwidth, the maximum reachable application throughput is close to 660 Mbps. With eight 

antennas and 80 MHz of bandwidth, the maximum application throughput reaches 1320 Mbps and, in this case, 

does not saturate MAC layer.  

Higher MAC efficiency can be obtained when the system saturates which means that the application throughput 

is not fulfilled. Otherwise, the MAC efficiency is low. On top of that, the MAC efficiency will even be lower if 

low data rate applications like VoIP are added. Better results can be obtained if the TXOP is increased to 3 ms as 

it can be seen in Figure 1-9. In this case, the MAC efficiency reaches 80 %. These results have to be weighted by 

the fact that perfect physical layer transmissions can be obtained for each user. On top of that, we need to make 

sure that a TXOP of 3 ms does not reduce the QoS of applications with low latency constraints. Further results 

should therefore take into account PHY layer performance results. 
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Figure 1-8: MAC efficiency for downlink SDMA  

 

Compared to the previous case with TXOP of 1 ms, the increasing of TXOP to 3 ms produces similar results. 

The main difference is the elevation of MAC efficiency and saturation level (from 55 % to more than 80 %). 

With four antennas and 80 MHz, saturation and maximum application throughput is close to 1 Gbps with a 3 ms 

TXOP (instead of 660 Mbps previously with a 1 ms TXOP). A higher TXOP is more efficient due to the 

reduction of MAC access mechanisms (CSMA/CA). 

 

MAC throughput with legacy devices 

Figure 1-10 and Figure 1-11 present MAC throughput results with the following scenario for respectively six and 

eight antennas in the AP:  

- three HD video flows varied from 100 to 400 Mbps with 10 % frame retransmission (i.e. 110 to 

1320 Mbps) 

- two legacy video flows at 1 Mbps at the border of the cell 

As expected, adding legacy devices (i.e. two video flows at 1 Mbps) mixed with ac devices lowers the global 

available throughput. This is simply due to the fact that the proportion of time during which the system operates 

with ac is lowered. The throughput decrease is significant as up to 300 Mbps can be lost. It is very important to 

avoid this MAC throughput degradation. This will be discussed in the following chapter on the management of 

the increase of bandwidth. We can however notice that with eight antennas in the AP, even with a 60 MHz 

channel, the system resists quite well to the addition of legacy devices. This is due to a huge over dimensioning 

of the PHY layer data rate. Again on this point, real simulations need to be performed as the maximum data rate 

assumption is extremely optimistic. 
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Figure 1-9: MAC throughput for downlink SDMA  (six antennas) 
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Figure 1-10: MAC throughput for downlink SDMA  (eight antennas) 

 

1.1.3 Concatenated DMT with FMT with transmit diversity  

In this section we describe a concatenated scheme that uses an outer OFDM modulator and an inner FMT 

modulator and transmission over multiple antennas. Direct sequence data spreading is used. Details can be found 

in [ISSTA08], [GLOBEC08], [TVT09]. It is intended for application in uplink wireless channels where the 

terminals experience frequency selective fading, propagation delays, carrier frequency offsets and Doppler from 

movement. These impairments may translate into multiple access interference (MAI) that severely affects 

performance. The concatenated air-interface combines an inner FMT modulator with an outer cyclically prefixed 

DMT modulator with multiple antenna transmission. The inner modulator is used to efficiently realize frequency 

division multiplexing by partitioning the FMT subchannels among users. We deploy the outer DMT modulator 

to cope with the residual inter-symbol interference (ISI) of the FMT subchannels and to provide a form of 

transmit diversity referred to as cyclic delay diversity (CDD). It is here referred to as space-time cyclically 

prefixed DMT (ST-CP-DMT). Frequency and space diversity is exploited via direct sequence (DS) data 

spreading.  

 

 

8 antennas 

6 antennas 
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1.1.3.1 Concatenated DMT-FMT Scheme 

The users are multiplexed in a frequency division fashion. The transmitter of each user comprises three stages: 

DS data spreading stage, cyclically prefixed DMT modulator, and inner (with respect to the physical media) 

FMT modulation stage with transmission over NT antennas. 

 

 

Figure 1-11: Transmitter and single user receiver for the concatenated scheme 

 

The spectrum is split by the FMT modulator in M slices that are assigned to distinct users. The antenna signals of 

a given user are simultaneously transmitted and occupy the spectrum corresponding to the assigned FMT 

subchannels. Each FMT subchannel is shaped with a prototype pulse having frequency concentrated response. 

With ideal band limited pulses the presence of time misalignments across users or channel time dispersion does 

not compromise the orthogonality between the users' signals. A frequency guard can be set to enhance the 

frequency separation of the FMT subchannels, which yields protection against the carrier frequency offsets that 

may exist between users, although at the expense of data rate. The outer cyclically prefixed DMT modulator uses 

M2 tones and it is serially applied on each FMT subchannel to cope with the residual ISI that may arise because 

the FMT subchannels do not exhibit a perfectly flat frequency response.  

The low rate users that are assigned with a small number of FMT subchannels do not take advantage of the full 

frequency diversity that is provided by the broadband fading channel. In this case, the use of transmit diversity 

with multiple antennas is an effective mean to increase performance. The ST-CP-DMT modulator is serially 

applied over each FMT subchannel and it sends cyclically shifted replicas of the data blocks over the antennas. It 

orthogonalizes the NT spatial channels for any number of transmit antennas without decreasing the transmission 

rate. This allows the use of a conventional DFT based DMT receiver. To exploit space and frequency diversity 

we use DS data spreading across the DMT tones that fall within the FMT subchannels that are assigned to a 

given user. DS spreading does not decrease the transmission rate.  

 

 




























































































