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1. Introduction  

In the next pages, we present in detail the description of the scenarios that will be demonstrated by 
the industrial partners at the end of the first phase of MORPHEUS project at M21. The 
demonstrators have been selected based on the applications detailed in deliverable D5.1: 
Specification of the application test cases and on the platforms selected and described in 
deliverable D5.3: Report on selected intermediate implementation platforms and application subsets 
partitioning .  

This document describes three of four case studies. More specifically, in the following sections we 
provide details on the features of the demonstrators and an evaluation conducted by ICOM, Alcatel-
Lucent, TOSA and DTO/TUBS.  

The deliverable is organized in four sections (one per case study). Each section provides an initial 
overview of the demonstrator, by presenting all the necessary details for understanding what is 
demonstrated, the major features of the demonstrator and an evaluation of what is presented.  

2. Executive summary 

This document describes the demonstrators for the four case studies, which have been conducted 
during the first phase of MORPHEUS project. The deliverable provides details on the scenarios that 
will be demonstrated per case study based on the COTS platforms selected by ICOM, Alcatel-
Lucent, TOSA and DTO/TUBS respectively.  

The demonstrator of ICOM is targeting a multi-mode broadband wireless communication system 
based on the emerging IEEE 802.16j standard. The demonstrator consists of three main network 
entities (two BSs and one RS) based on the picoChip boards, plus an FPGA-based channel 
emulator and two PCs for the data endpoints. 

The demonstrator of Alcatel-Lucent presented in section 4 consists of two XUP Development 
boards and a PC. Among other things the boards are equipped with a Virtex-II Pro (XC2VP30) 
containing two PowerPC cores, 256 MB onboard DDR RAM, a 10/100 Mbit/s Ethernet PHY, a 
RS232 interface and a JTAG port. 

Tosa’s demonstrator is described in section 5 and its aim is to present the motion detection used for 
emulation of the MORPHEUS chip and to present some results and figures about the demonstrated 
features. 

Finally, in section 6 the demonstrator of DTO/TUBS is outlined, which consists of a film grain noise 
reduction algorithm that is implemented on a FPGA-based extension board with four Xilinx Virtex II 
Pro FPGAs. The algorithm is based on motion estimation and motion compensation followed by a 
wavelet transformation and a noise reduction in wavelet space. 

3. Wireless telecommunications  

3.1. Demonstrator overview 

3.1.1 Short Overview of Targeted System 

The application targeted by ICOM is the emerging IEEE 802.16j standard. The latest standard 
currently in force from the IEEE 802.16 family is 802.16e, the basis for Mobile WiMAX technology. 
This standard mandates the use of Orthogonal Frequency Division Multiple Access (OFDMA) 
technology for the physical layer and provides all necessary support in the physical and MAC layers 
for mobility management, such as network entry, handover, etc. The next standard, 802.16j, 
currently in preparation, extends the concepts defined in .16e by adding the possibility of multi-hop 
communication between mobile and base station. For this, the Relay Station entity is defined. The 
relay station is connected to the base station on one side and to a group of mobile stations on the 
other. The connection to the base station, where the relay acts more or less as a subscriber/mobile 
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station, is called the relay link, while the connection to the mobiles, where the relay acts as a simple 
base station, is called the access link. BS-MS communication now may take place over two hops 
(BS-RS and RS-MS), which can be advantageous because a poor channel is divided into two better 
ones, allowing for more spectrally efficient modulation and coding schemes. Alternatively, the range 
of a network cell can be extended, with relays placed near its periphery, serving distant mobiles. 
The 802.16j standard will reuse the OFDMA physical layer from .16e, with some minor 
enhancements possible, and will make significant amendments to the MAC layer. 
Relays can be fixed (located e.g. on rooftops, lamp posts, etc), nomadic (transportable, eg on 
trucks) or mobile (on buses, trains, etc). Here we focus on the case of a Mobile Relay Station 
(MRS). Figure 1 demonstrates the concept of a multihop network, including an MRS mounted on a 
bus that provides service to passengers onboard. As the MRS moves within an area, it will have to 
perform handover between different base stations (when crossing from one network cell to 
another). At the same time, the group of mobile stations supported will also change dynamically 
over time. The physical layer mode used in each cell is determined by the base station that serves 
it. As the propagation environment differs from cell to cell (e.g. urban, suburban, rural), different 
base stations may require different physical layer modes. While simple terminals, supporting only 
the mandatory modes, are still backwards compatible with all base stations, they need to be able to 
support the advanced modes in order to take advantage of them. The same holds for a MRS, that 
acts as a terminal on the relay link. 

 

Figure 1:  Multihop network concept 

 
In the context of MORPHEUS, the focus will be on the physical layer of IEEE 802.16j standard. The 
standard provides for a baseline physical layer chain, with a large number of optional modes, having 
to do with multiple antenna (MIMO) techniques, or error-correction coding (FEC) schemes. A device 
that can reconfigure efficiently between different such modes is the main motivation for using the 
MORPHEUS technology in such a system. 

3.1.2 Demonstrator setup  

As discussed in earlier deliverables, the demonstrator will consist of three main network entities 
(two BSs and one RS) based on the picoChip boards, plus an FPGA-based channel emulator and 
two PCs for the data endpoints. This section gives more details on the setup and interconnection of 
all the demonstrator’s components, as they were finally implemented. 
Each picoChip board and each PC has two network interfaces, a feature that allows us to setup two 
independent networks: 
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·  In Figure 2, one network (shown in blue) that includes only the two PCs and the 
demonstrator boards. This is the network used for data transfer. It is important that this 
network is isolated from any other system or network infrastructure, to make sure that the 
data stream is actually carried by our system. 

·  A second network (shown in red) for control. In practice, this is the company’s LAN. Use of 
a general LAN for control makes it possible for a single instance of the GUI to control all 
demonstrator entities, plus it allows access to the user’s file system for development. 

The GUI can run on any of the two PC’s or any other PC connected to the network. Over the LAN, it 
connects to the CLI (bridge) instances running on both BSs and the RS to provide control. For the 
BSs, this is simply starting and stopping execution. Most of the system control and monitoring 
occurs through the RS. Namely, the GUI may request handover, setting of channel emulator 
parameters, etc. In addition, it may request receiver diagnostics from the RS-side CLI. The CLI in 
turn passes these requests to the PHY devices, which return the appropriate diagnostic information 
to the CLI and eventually to the GUI. 

Data traffic is generated by the VLC (VideoLAN) media player on the BS-side PC. VLC is setup to 
stream traffic to the IP address of the second PC, connected to the RS board. Through a hub, the 
traffic fans out to the two BS boards. Both BSs receive the traffic, process it and transmit it to the 
channel emulator. There, only one data stream will be forwarded to the RS, after being subject to 
the simulated channel impulse response and noise addition. Selection of the appropriate data 
stream depends on control sent to the channel emulator by the RS-side CLI (originally determined 
by the user on the GUI). Once the data traffic reaches the RS board, PHY processing is performed 
and the received packets are forwarded to the CLI and from there to the second PC. On the PC, a 
VLC client has been setup to receive and playback the data stream. 
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Figure 2: Final demonstrator setup 
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3.1.3 Channel emulator 

3.1.3.1 Overview 

The Channel Emulator Unit emulates the handover between a mobile relay station (RS) and two 
different base stations (BS0 and BS1) as shown in Figure 1.    

BS0 has two transmit antennas (Tx0, Tx1) while BS1 incorporates four transmit antennas (Tx0, 
Tx1, Tx2, Tx3).  The relay station (RS) has up to four receive antennas (Rx0, Rx1, Rx2, Rx3).  

To address MORPHEUS testing requirements, the Channel Emulator implements flexible internal 
switching between the two base stations which enables it to support either a 2x4 or a 4x4 MIMO 
emulation. Therefore, the channel between the selected BS and RS will actually be an 
interconnection of either 2x4 = 8 SISO or 4x4= 16 SISO channels depending on the selected BS as 
shown in figures 2 and 3.     

 

 

Figure 3:  Channel Emulator for MORPHEUS demo 
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Figure 4: BS0 connection to RS   Figure 5:  BS1 connection to RS 

In the above figures (2 & 3), each input line (Tx0, Tx1, Tx2, Tx3) is a complex signal (XRe /XIm) 
with 14 bits for XRe and 14 bits for XIm. Each output line (Rx0, Rx1, Rx2, Rx3) is 12 bits for YRe 
and 12 bits for YIm. Coefficients are 8-bits complex. Each FIR channel (Hij) has 12 complex taps 
and for each tap the output is computed as:  
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Where: 
N = 12 taps 
YRe = Real Output Component 
YIm = Imaginary Output Component 
XRe, XIm = Real and Imaginary input Components 
CR = Real Coefficients 
CI = Imaginary Coefficients 
In addition to BS selection and the implementation of the finite impulse responses of the channel 
between the BSs and the RS, Channel Emulator unit also features the following:  

1. Addition of noise (AWGN) 

2. Clocking  

3. Data synchronization 

4. Data Saturation and Rounding 

5. Miscellaneous control logic 

3.1.3.2 Architectural Description 

The Channel Emulator mainly consists of the following units, (figure 4): The BS SELECTION unit, 
which is responsible for switching between BS stations, the data synchronization units, which 
handle the data synchronization between the two input interfaces, the FIR unit, that allows for 
filtering its complex inputs, the White Gaussian Noise Generator (WGNG) which adds noise to the 
filtered results, the ROUND & SATURATION unit, which prevents the FIR outcome results from 
overflowing as well as rounding the result to the desired length and finally the CLOCKING unit, 
which generates the different clocks needed when switching between BS0 and BS1 .  
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Figure 6:  Channel Emulator block diagram 
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3.1.3.3 Functional Description 

Interfaces  

BS0, BS1 and RS network entities provide in each direction up to two (depending on which BS is 
selected) synchronous links namely IF0 and IF1. Each one of them carries a continued stream of 
interleaved complex (I/Q) data. Since these links need to multiplex the complex data of up to four 
antennas, the following data scheme exists. In figures 5 & 6, Ix/Qx represent the real and imaginary 
data samples to and from the antenna x (x= 0 or 1 or 2 or 3) respectively. An active low sync bit 
indicates the presence of the I sample of antenna 0 or 2 in interfaces 0 and 1 respectively. All 
data/sync inputs to the channel emulator are clocked with the rising edge of the clock, while all 
data/sync outputs are clocked with the falling edge of the clock. Also, two fixed-frequency clocks are 
output, to drive the BS0/BS1 clock and sync signals. 

 

 

Figure 7:   BS1 to RS input data scheme 

For the current MORPHEUS testing requirements only downlink is required thus the data flow is 
BS0/BS1 to channel emulator and channel emulator to RS. However, the BSs must receive a sync 
bit for each active interface (sync_0 for BS0 and sync_0, sync_1 for BS1), which will have a 50% 
duty cycle. 

Noise generator 

A controlled level of additive white Gaussian noise (AWGN) is added to the outputs of the FIRs. In 
particular, the WGNG unit produces a perturbation that approximates a Gaussian distribution. 
Before addition to the combined output of each 4x4 or 2x2 FIR output, the noise value, is scaled by 
a positive constant (nlc) that specifies the average power level of the noise relative to the power 
level of the signals (SNR). The resulted scaled noise signal is then added to the FIRs output and 
then saturated to required bits to produce the final output (Figure 6).  

Clock generator/Clocking 

Entities BS0 and BS1 operate on different channel bandwidths. The interface clock rate is a function 
of the channel bandwidth, and the channel emulator internal clock is a multiple of the interface 
clock, therefore both clocks will depend on which BS is selected. In particular: 

·  For BS0: Bandwidth = 5.0 MHz �  Clocks = 22.4 MHz and 44.8 MHz 
·  For BS1: Bandwidth = 3.5 MHz �  Clocks = 16.0 MHz and 32.0 MHz 

The channel emulator board is clocked from a 40 MHz crystal and the clock-generator DCMs 
generate from this 40MHz clock all four clocks, the 44.8Mhz, the 32.0Mhz, the 22.4Mhz and the 
16.0Mhz. These are distributed properly throughout the system’s units depending on which BS is 
selected.  

The BSs and the RS boards expect to receive their clocks from the channel emulator board. BS0 
and BS1 are implemented on two different boards, each of which provides an interface at a fixed 
clock rate (22.4 MHz for BS0, 16.0 MHz for BS1). The Relay Station (RS) runs on a third board. In 
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each case, the interface of the RS board must be clocked at a rate matching the selected BS. 
Therefore, the BS interfaces run at fixed clock rates, while that of the RS at a variable rate. 

Implementation platform 

The Virtex-II Development board from Avnet is used. It is populated with an XC2V4000-FF1152-5C 
device and the SystemACE reconfiguration controller. Additional resources are 16 MB of Flash 
memory, a slot for DDR DIMM, RS232 port, and many general-purpose I/O connectors. 

3.1.4 Command Line Interface and Graphical User Interface 

Two software components are required for the demonstration: The first is a process running on the 
on-board processors of the BS and RS boards. This software provides a command-line interface for 
control and monitoring of the system’s operation and an Ethernet bridging function that bridges 
packets from the board’s Ethernet interface to the PHY (BS side, transmitter) or from the PHY to the 
Ethernet interface (RS side, receiver). We commonly refer to this software as the “CLI” (command-
line interface), although its functions exceed those of a simple CLI. There are actually two versions 
of the CLI, one for the BS boards and one for the RS board. The latter is more complex, because it 
includes support for requesting run-time diagnostics from the PHY and passing them on to the 
user’s PC. 

In brief, the CLI supports the following functions: 

·  Bridging of Ethernet packets between the Ethernet interface and the PHY 
·  Basic control of the PHY (start, stop, etc) 
·  Emulation of the handover function (via appropriate control sent to the channel 

emulator) and reconfiguration of the PHY 
·  Control of the noise level applied to the signal by the channel emulator 
·  Collection of diagnostics and transmission to the host for display. Diagnostics include: 

o Received data points in the frequency domain, before and after channel 
compensation. 

o Channel estimates for all individual Tx-antenna to Rx-antenna channels. 
o Measurements of instantaneous data rate and error rate. 

The CLI runs over an embedded Linux installation, based on the 2.6.17 Linux kernel. The on-board 
Flash memory provides a file system with 128 MB of capacity. For all software development for the 
board’s processor a freeware port of gcc fot the PowerPC architecture has been used. 
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Figure 8: CLI screen shot 

 
The application can run with use of the CLIs only. However, for more user-friendly operation, 
including real-time graphical display of diagnostics from the PHY, a graphical user interface (GUI) 
has been developed. This GUI can run on any Windows-based host computer and communicate 
with the CLIs on the BS and RS boards over the network. Its functions complement those of the CLI 
and allow point-and-click control of the system. Most importantly, it displays in real-time the PHY 
diagnostics. Received (raw) and compensated data points can be plotted either as signal spectrum 
or as constellation plots. In addition, a graphical representation of the frame format and PHY 
parameters can be displayed. 
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Figure 9: GUI screen shot 

3.2. Demonstrated features 

3.2.1 Demonstration Parameters 

Each individual experiment is controlled by the following inputs/parameters: 

Channel impairments: impulse response and noise lev el 

Channel impulse response is determined by the channel emulator’s configuration. Since there we 
had no intention of simulating mobile channels (high effort with little added value to the project), and 
in order to allow the channel emulator logic to fit in the modest size FPGA available, the simulated 
impulse responses are coded as constants in the emulator’s VHDL code. Of course, we can 
generate any impulse response (up to 12 taps per SISO channel) by changing the relevant 
constants. Therefore, the configuration loaded in the FPGA determines all impulse responses for a 
specific experiment. 

The noise level can be varied dynamically by the GUI, so the effect of higher or lower SNR values 
can be easily evaluated. With appropriate combinations of the magnitude of the channel coefficients 
and the noise level, any SNR from 0 to infinity can be simulated. (In practice, the fixed-point 
arithmetic used introduces a maximum SNR of about 75 dB, high enough to be considered 
“infinite”). 

Frame configuration 

Normally the frame configuration (number, size, and position of data bursts, modulation and coding 
scheme) is determined by the base station MAC, based on estimated channel conditions and 
bandwidth requested by the clients (terminal/mobile stations). Since our implementation does not 
include a MAC layer, we create configurations manually in the form of configuration files, based on 
the scenario that we intend to test. These configuration files are read by the CLI, which configures 
the PHY appropriately and generates the DL-MAP transmitted by the base station. 

Input data stream 

The input data stream typically consists of a video stream transmitted over the link. We commonly 
use the following streams: 
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Stream Resolution Frame rate Avg data rate Peak data rate  

Nova 320 x 240 25 fps   725 Kbps 0.8 Mbps 

Simpsons 608 x 256 25 fps 1490 Kbps 4.5 Mbps 

Eiger 640 x 480 25 fps 1440 Kbps 6.4 Mbps 

3.2.2 Experiments 

In this section two experiments are described, which demonstrate the pros and cons of the two 
operating modes, as discussed in section 3.2.3 of Deliverable D5.4. We also make observations 
related to the reconfigurability of the COTS platform. In the first experiment, in high SNR conditions, 
the second mode (4x4 SM) achieves a data rate that it is not possible with the first. On the contrary, 
in the second experiment, in low SNR conditions, the first mode can support a high data rate, while 
the second mode cannot. 

In both experiments there are a few common characteristics regarding the frame format. The 
downlink subframe is assumed to consist of 28 symbols (in mode 1 with 5 MHz bandwidth) or 20 
symbols (in mode 2 with 3.5 MHz bandwidth). The downlink subframe is divided in two zones, 0 and 
1. Zone 0 is required by the standard to be transmitted in non-STC mode and is commonly used to 
carry control data (FCH, DL-MAP, and UL-MAP packets). This zone occupies the first 6 symbols of 
the downlink subframe. Zone 1, used to carry user payload, spans from symbols 7 to 28 (mode 1) 
or 7 to 20 (mode 2). 

Experiment 1: High SNR 

Assume a set of channels (8 in the first mode and 16 in the second) with an average SNR (over all 
frequencies and individual SISO channels) of 38 dB. This is sufficient for both operating modes to 
support QAM-64 modulation, with a bit-error rate of about 10-5 or lower. With this in mind, we 
assume the following zone 1 configurations for the two operating modes: 

Mode 1: Two data bursts 

Burst no. Dimensions (sym 
x subch) 

Modulation Code 
rate 

Capacity 
(bytes) 

1 16 x 7 QAM-64 3/4 1512 

2 16 x 7 QAM-64 3/4 1512 

TOTAL    3024 

With a frame rate of 200 frames per second (5msec frame duration), this configuration results in a 
total link capacity available for video streaming equal to 4.84 Mbps. 

Mode 2: Three data bursts 

Burst no. Dimensions Modulation Code rate Capacity (bytes) 

1 10 x 4 QAM-64 ½ 1440 

2 10 x 4 QAM-64 ½ 1440 

3 10 x 4 QAM-64 ½ 1440 

TOTAL    4320 

In this configuration, the total capacity available is 6.91 Mbps. 

 

The following figures show the graphical representation of the above frame formats, as displayed by 
the MORPHEUS GUI. There are two zones defined, one for control packets (FCH, DL-MAP, UL-
MAP), which is mandated by the standard to be in non-STC mode, and one for the user payload, 
that is of the selected STC mode. We have allocated the largest portion of this zone for our video 
stream (in practice, the total capacity is expected to be shared by a number of users). 
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Figure 10: Frame format for mode 1 (left) and mode 2 (right) 

 

Figure 11: PSD plot of the received signal (Experiment 1, mode 1, Rx2 antenna) 

The “Eiger” video stream has a peak data rate of 6.4 Mbps. Clearly, mode 1 will not be able to 
transmit it successfully, while mode 2 will. Indeed, when using mode 1, there is an obvious pause in 
the video playback at scenes near the maximum rate, while no such artifact appears with mode 2. 

The following figure is a typical PSD plot of the received signal spectrum. The Rx2 antenna and 
mode 1 have been selected as an indicative case, since the large number of Tx & Rx antennas 
makes a complete display impractical. 

The next figure shows a constellation plot of the compensated symbols in mode 1. As we are 
operating in high SNR conditions, it can be seen that the constellation appears almost ideal. 
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Figure 12: Constellation plot of received symbols (Experiment 1,mode 1) 

Experiment 2: Low SNR 

In the second experiment, we apply a lower SNR, averaging at 18 dB over all frequencies and SISO 
channels. Under these conditions, mode 1, being more robust in poor channels, can still support its 
original configuration. On the contrary, mode 2 cannot support the QAM-64 modulation with an 
acceptable error rate any more. Therefore, we have to reduce the modulation order to the next 
lower, that is QAM-16. The following table and figure show the resulting configuration for mode 2, 
which supports a link capacity of 4.61 Mbps. 

Burst no. Dimensions Modulation Code rate Capacity (bytes) 

1 10 x 6 QAM-16 ½ 1440 

2 10 x 6 QAM-16 ½ 1440 

TOTAL    2880 
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Figure 13: Reduced-capacity configuration for mode 2 in low SNR 

Under these conditions, neither of the modes can transmit the Eiger video with good quality. This is 
to be expected, since lower SNR always reduces link capacity. We can still observe that mode 1 
can still transmit the video with reduced quality (visible artifacts at the highest data-rate scenes), 
while mode 2, with lower peak rate, cannot. 

 

Figure 14 : Noisy QAM-64 constellation decoded by mode 1 

For an empirical visual comparison of the operation of the PHY layer, we show constellation plots of 
the compensated symbols for both modes in the low SNR conditions. We can observe that in mode 
1, there is visible noise in the constellation, whoever this amount of noise is tolerable in practice. In 
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mode 2, as can be seen, an attempt to transmit QAM-64 data at these conditions results in a 
constellation that is impossible to decode properly. Even though the SNR at the receiver input is the 
same as for mode 1, the post-detection noise, which is seen here as the spread of the constellation 
points, is higher. This is due to the noise enhancement effect of ZF decoding. Finally, the QAM-16 
constellation shown in the last figure, can be decoded with small error rate – however, in this case 
the supported data rate is lower than that of mode 1. 

 

Figure 15 : Noisy QAM-64 constellation decoded by mode 2 

 

 

Figure 16 : Noisy QAM-16 constellation decoded by mode 2 
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3.3. Tools used 

Algorithmic exploration and modeling was initially performed with Matlab. Complete Tx-Rx 
processing chains have been developed for the various versions of the system under study: SISO, 
2x4/Matrix A, 4x4/Matrix C. In addition, the effect of various channels has been modeled. The 
Matlab chains are modular and parameterizable, exceeding the capabilities of the implementation, 
allowing the study of system behavior under different assumptions. 

The standard picoChip tool chain (picoTools) was used for all PHY development. As discussed in 
earlied deliverables, this tool chain supports all stages of implementation, from code entry, analysis 
and compilation, mapping to the individual array elements and generation of executables. From that 
point, the tool chain allows either stand-alone simulation of individual subsystems, or real-time 
debugging on actual target (HW system). The input language for picoTools is picoVHDL which is 
structural VHDL but with the functionality of processes described in assembly language.  

For system-level verification and debugging, it was possible to perform direct comparison of data 
captured from the hardware with corresponding data from the Matlab model. The picoTools support 
the concept of probes, spare array elements that are used to monitor and capture internal data 
during the run-time operation of the system, and transfer them to the development host. This made 
such a direct comparison possible. 

For the remaining demonstrator components, standard tool flows were used, as required for each 
individual subsystem. The CLI, running on the board’s CPU, is standard C-language software, 
making use of a custom library provided by picoChip for communication with and control of the 
picoArrays. Standard gcc-based tool flow over Linux was the obvious development platform choice. 
The GUI, running on a Windows PC, was developed on the Delphi graphical programming 
environment, capitalizing on the experience of the company with this environment for similar 
applications. Finally, the standard Xilinx toolset (ISE) was used for development of the channel 
emulator. 

3.4. Evaluation 

In the next paragraphs an initial evaluation of the COTS based platform, based on the metrics 
defined in D5.2.2 Definition of reference baselines and evaluation metrics is presented. A more 
detailed evaluation can be found in deliverable D5.4.2 Evaluation Report of phase 1. 

3.4.1 Reconfiguration time 

As discussed in the previous sections, the application GUI reports a handover time of about 850 
msec, which is dominated by the reconfiguration of the two picoArrays. This is quite long, since the 
devices have to be reset and new binary files have to be loaded from scratch. What this means in 
practice is an obvious disruption of visual quality on reconfiguration. 

3.4.2 Design time 

In the development of the targeted functionality on the picoChip platform were involved four 
engineers with allocation between 50% and 100% of time for different time intervals. The estimated 
effort figures are 5 person-months for the first physical layer mode and 11 person-months for the 
second physical layer mode. 

3.4.3 Area 

It is difficult to talk about area per se, since this is a parallel DSP-based implementation. Instead, 
the applicable measure would be the Array Element usage, as detailed in Deliverable D5.4. This 
amounts to 376 AEs for the first mode and 554 AEs for the second mode. In terms of percentage 
utilization of the picoChip devices, this means 58% and 86% utilization respectively. 
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4. Network routing systems 

4.1. Demonstrator overview 

The demonstrator based on COTS platform has been described recently in the Deliverable 5.4.: 
Evaluation Report of Phase 1. It consists of two XUP Development boards and a PC. The boards 
are equipped with a Virtex-II Pro (XC2VP30) containing two PowerPC cores, 256 MB onboard DDR 
RAM, a 10/100 Mbit/s Ethernet PHY, a RS232 interface and a JTAG port.  

The first XUP board contains the Ethernet MAC which is the main feature of the demonstrator. The 
Ethernet core is connected to the external PC via 10/100 Mbit/s Ethernet. The PC generates 
Ethernet packets using the freeware HPING (http://www.hping.org). Once received the Ethernet 
data is sent back to the PC immediately using a hardware loop function, switching source and 
destination address of the received packets. The PC checks the incoming packets via TCPDUMP 
(http://www.tcpdump.org) and monitors errors that occurred. 

 

 

 

Figure 17 : Schematic overview of the demonstrator 

The packets being generated and transmitted contain configuration data that is detected by a filter 
function implemented on the first board. After being detected, it is copied from the data stream and 
transmitted to the second XUP board using the RocketIO protocol. The data is stored in the 
onboard DDR RAM. After the entire configuration stream has been received, the CRC32 is 
calculated by one of the PowerPC cores of the Virtex-II Pro. If no error is detected, the second 
board initializes the reconfiguration of the first board by transmitting the configuration data via JTAG 
interface. 

The external PC also provides access to the MACs internal configuration registers using the RS232 
interface. This connection can also be used for debugging purposes by proving the possibility to 
send Ethernet frames to the PC and grab frames from the data stream from different points of the 
data path. This functionality is realized in a software application written in C language. The program 
runs on one of the VirtexIIPro PowerPC cores of the first board. Figure 17shows a schematic 
overview of the demonstrator. 

4.2. Demonstrated features 

The purpose of the application is to prove the approach that configuration data being transmitted via 
an arbitrary network can be detected and filtered out by the addressed target devices. For the 
MORPHEUS project the Ethernet protocol is used.  
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The success of the reconfiguration is demonstrated by fixing an error in the Ethernet data path. 
Before an Ethernet packet is transmitted (TX path) a CRC32 has to be calculated by the Ethernet 
MAC. This checksum is attached at the end of the packet and checked by the MAC receiving the 
transmitted data. Initially the MAC on the first XUP board calculates this CRC32 in a wrong way. 
This means that every Ethernet packet being transmitted by this MAC contains a checksum error. 
The external PC receiving these faulty packets detects and monitors the errors. 

The configuration stream transmitted in the Ethernet packets contains a FPGA image where the 
CRC32 calculation of the TX path of the Ethernet MAC is correct. So after the reconfiguration all 
packets being transmitted from the first XUP board to the external PC have a correct checksum and 
the PC does not report checksum errors any longer.  

4.3. Tools used 

For the implementation of the demonstrator several tools have been used.  

The overall systems of the two XUP boards have been designed with the help of the Xilinx EDK 8.2. 
The EDK contains the Xilinx Platform Studio (system creation tool) and a C compiler for the 
software that is written for the PowerPC.  

The source code has been written with the Xemacs editor which is a very powerful tool, providing 
many useful functions for writing HDL code (auto completion, automatic generation of component 
declarations/instantiations and even testbench wrappers etc.) 

The Xilinx EDK 8.2 uses Modelsim 6.1d by default. It creates compilation scripts, additional VHDL 
wrappers and configuration files by mouse click. Looking at these advantages, it is an obvious 
decision that Modelsim has been used for the simulation and the verification of the demonstrator. 

The synthesis tool is Xilinx XST being part of the Xilinx tool chain. 

Several additional tools have been used for the verification of the design in hardware. The RS-232 
connection between the external PC and the first XUP board has been realized with the help of 
Terminal v1.9b. The Ethernet packets from the external PC are generated and monitored via 
Hping3 and Tcpdump. The software that generates the entire Ethernet data stream including the 
reconfiguration data will be written in Shell Script. For the implementation of the JTAG host the 
Scan Educator from Texas Instruments is used. This program allows the simulation of a TAP (Test 
Access Port) controller, visualizing the JTAG flow. 

4.4. Evaluation 

In the deliverable D5.2: Definition of reference baselines and evaluation metrics several evaluation 
metrics for this application have been addressed. First of all there is the demonstration that the 
approach of reconfiguring a SoC by using configuration data broadcasted via a network 
infrastructure works. 

The current state of the features of the demonstrator is shown in Table 1. By M24 the basic features 
of the platform are working, for the full demonstration capabilities some of the extended features 
are still on their way to be implemented. Further details on the current challenges are outlined in the 
already submitted deliverable D5.4: Evaluation report of phase 1. In addition, a new task had to be 
added to the work plan to implement a new JTAG host macro. The JTAG host macro previously 
intended to be used for the reconfiguration turned out to be not applicable, because it had been 
specifically designed for the configuration of an older generation of Virtex FPGAs. Since the 
Reconfiguration of a Virtex-II Pro requires a different  use of the JTAG protocol than an initial 
configuration significant changes of the existing macro would have been necessary. Thus a new 
JTAG host macro is currently implemented allowing the reconfiguration of a Virtex-II Pro FPGA..  

Alcatel-Lucent/TUC is working on a solution for the remaining problems aiming for a demonstration 
at the EC-Review in Brussels (March 4th 2008). 

The second evaluation metric addressed in D5.2: Definition of reference baselines and evaluation 
metrics is the handling of the complexity of high-end telecommunication requirements such as a 
data rate of more than 40 GBit/s in an embedded FPGA like the macro provided by M2000. Since 
the embedded FPGA used in the MORPHEUS platform has very limited area, the complexity of the 
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implemented application had to be reduced drastically to fit into the macro. Only a very raw Ethernet 
functionality is used in the demonstrated application. Looking forward to the final application (field 
use of reconfigurable high-end network nodes) the partners are very confident to deal with the 
complexity since the used embedded FPGA macros will provide much more area. 

Features Current state 

Implementation of the Ethernet MAC Finished 

Ethernet Connection between PC and Board Working 

Filtering of reconfiguration packets Running (adaptation needed due to the used level 
of the Ethernet protocol stack) 

Transmission between boards via RocketIO Work in progress 

Storage of the filtered configuration data in 
the onboard DDR RAM 

Working (adaptation may be needed) 

CRC32 calculation of the configuration data Working 

Reconfiguration Work in progress (JTAG host needs to be 
implemented which is an unforeseen task) 

Generation of Packets containing 
configuration data and checking of packets 
received from the board (external PC) 

Work in progress 

Configuration and debugging of the Ethernet 
MAC via RS232 

Finished 

Table 1: Current state of the demonstrator's featur es 

All of the tools, which were used for the implementation of the COTS solution, are programs, which 
are available inside the Alcatel-Lucent standard flow. Thus the flow integration is possible without 
any problems. 

Table 2 gives a quick overview over the evaluation metrics. 

Evaluation Metrics Current State 

Demonstration of a successful reconfiguration Work in progress 

Handling of the complexity (� ) 

Seamless integration in the Alcatel-Lucent design flow �  

Table 2: An overview of the evaluation metrics (Leg end: ��� �  – proven by current work status 
(��� � ) – finally proven when evaluation completed - a po sitive result is expected)  

 

5. Systems for intelligent cameras 

5.1. Demonstrator overview 

This section provides a brief presentation of the TOSA phase 1 demonstrator for MORPHEUS. This 
demonstrator consists of the implementation of a motion detection algorithm dedicated for the 
domain of intelligent surveillance systems. The demonstrator uses COTS solution to implement this 
algorithm and to emulate the MORPHEUS architecture. Hardware and software details will be 
presented in section 5.1, then demonstrated features will be presented in section 5.2, and finally 
evaluation and tools will be presented in sections 5.3 and 5.4.Demonstrator overview. 

For algorithm details and implementation considerations see document D5.4: Evaluation report for 
phase 1. This document’s aim is to give an overview of demonstrator and demonstration, platform 
implementation choices are discussed in D5.4. 
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From a hardware point of view, the intermediate platform is composed of a camera connected to a 
PC itself connected to a FPGA COTS board through a PCI-X interconnection.  

The camera is a colour one that outputs analog video. The video is digitalized by a IEE1394 
Firewire converter to get 768*576 pixels @25Hz images in YUV colour format.  

The PC is a HP proliant ML530 with a Xeon processor running at 2Ghz. Its use is restricted to get 
images from IEE1394 Firewire converter and to send the luminance component to FPGA COTS. 
Then the PC gets the result when motion detection is finished and displays the colour result on the 
screen. A large RAID-0 hard drive is used to save video sequences or to play video sequences to 
benchmark the algorithm. 

The FPGA COTS is composed of a Nallatech Bennuey-PCI-4E motherboard and a Nallatech 
Bendata V4 module. It is connected through PCI-X bus to the PC. This FPGA COTS board (see 
Figure Figure 18 and Figure 19) contains essentially: 

·  A Virtex 4 SX-55 FPGA from Xilinx which is in charge of the processing. 

·  A Virtex 2 Pro FPGA from Xilinx which is in charge of the interface with the PC. 

·  A DDR external RAM, which provides the Virtex 4 a large storage capability. 
 

 

 

 

Figure 18: FPGA COTS board 

 

 

Figure 19: V4SX55 and DDR module 

 

Virtex 2 Pro FPGA DIME-II Module Slot to plug Virtex 4 SX55 and DDR module 

PCI-X Interface 

DDR RAM 

V4SX55 FPGA 
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The Virtex 4 FPGA implements an architecture composed of (see Figure 20): 

·  A µBlaze microprocessor in charge of the overall control of the chip. 

·  A Single Instruction Multiple Data stream parallel processor (SIMD) containing a Macro 
Control Unit (MCU) and 128 Processing Elements (PEs) in charge of the bulk processing. A 
presentation of the SIMD and the way we use it is provided in D5.4: Definition of reference 
baselines and evaluation metrics, please refer to this document for details about the SIMD. 

·  A Data Mover Unit (DMU) in charge of data transfers (principally images) between the 
storage RAM and the PC on one side and between the µBlaze and the SIMD on the other 
side. 

 

 

Figure 20: Platform architecture 

 

A middleware layer has been implemented on the top of this architecture. This middleware layer is 
composed of: 

·  An interface to allow exchanges between the µBlaze, the PC and the storage RAM. 

·  An interface to allow the µBlaze to require the SIMD to run an operator (i.e. a SIMD 
program). 

·  An interface to allow the µBlaze to require the DMU to run a data transfer between the 
SIMD and the storage RAM. 

·  A set of low level image processing operators, each operator consisting of a SIMD program 
which can be activated on the request of the µBlaze. 

5.2. Demonstrated features 

The application used by TOSA is the motion detection algorithm (see Figure 21) described in the 
documents D5.1: Specification of the application test cases, D5.2: Definition of metrics reference 
baselines and evaluation metrics, D5.3: Report on selected intermediate implementation platforms 
and application subsets partitioning  and D5.4: Evaluation report of phase 1.   

 



MORPHEUS-D7.1-R1.6.DOC 05/02/2008 
 CONTRACT 02 7342 

 

Public  - 21 -  

 

 

Figure 21: Motion detection Algorithm 

 

 

Figure 22: First example 
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Figure 23: Second example 

Figure 22 and Figure 23 show two results. On these figures the detected moving objects have black 
boundaries. We have to keep in mind that motion detection is made on the luminance channel. This 
algorithm detects what is now in the current image that isn’t in the background image accumulated 
before. Parameters we can play with are the importance of accumulation of new image in the 
background image and the threshold of the first binarisation. These two parameters allow tuning the 
algorithm to various scenes. 

 

One can see in Figure 22, which is a trivial case, that the pen is well detected. Figure 23 is a test of 
the algorithm at the exit of a car park. 

Although it is not easy to see on paper video processing results, it shall be precised that in this 
sequence some leaves in the trees are moving, that is why some detections occur in the trees. One 
can notice that the car is well detected. 

5.3. Tools used 

The whole demonstrator runs under Linux RedHat Release 4. Tools used for simulation, debug, 
implementation and running are listed below:  

 

Simulation and µcode compilation on any desktop computer : 

·  Excel for µcode writing 

·  Excel / Visual Basic for code assembly 

·  Excel / Visual Basic for simulation debug and test of the µcode 

 

Compilation and running on the demonstration platform : 

·  Gcc compiler for macro-code compilation 

·  Xilinx software to control and download code for FPGAs 

·  Unicap libraries for acquisition software 

·  GTK / OPENGLlibraries for HMI and display 
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Figure 24 provides details about tools organization to achieve the simulation and running tasks. 

 

Figure 24: Tools organization 

5.4. Evaluation 

Images are processed in real time. Less than 15% of the SIMD processing power is required. A 
total number of 75 reconfigurations/s are simulated in this demonstration Explanations about these 
figures are given in D5.4: Evaluation report of phase 1, please refer to section 4.2.4 of D5.4 to have 
an explanation about dividing algorithm into reconfigurable parts and refer to section 4.2.6 of D5.4 
to have explanations about the processing power details. 

 

6. High definition video/digital film technology 

6.1. Demonstrator overview 

The core component of the demonstrator is the selected FlexFilm board which was already 
described in the deliverables D5.2: Definition of metrics reference baselines and evaluation metrics 
and D5.3: Report on selected intermediate implementation platforms and application subsets 
partitioning and can be seen in Figure 25. The board operates in a HP workstation xw8200 which is 
equipped with two Intel Xeon processors running at 3.6 GHz and a total amount of 2 GByte of DDR-
SDRAM. The processed video stream is sampled into single DPX image files and is buffered into 
the system’s memory to avoid a bottleneck when reading from hard disk. The board is connected 
via a PCI-Express 4x link to the host PC. By using a high-end setup like that, it is asserted that the 
overall system performance will never become a bottleneck and that the achieved results are only 
dependant on the board and the implementation of the algorithms. In order to see the effects of the 
noise reduction, the images are displayed in real-time on a 32” display after processing. In Figure 
25 the FlexFilm board is shown without heat sinks. These had to be added later because of heat-
related instabilities of the board. 
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Figure 25 : FlexFilm board without heat sinks  

The film grain noise reduction algorithm is mapped on the last three FPGAs of the FlexFilm board 
which are called FlexWAFE engines. The first FPGA is used as a router which interconnects with 
the PCI-Express interface and transmits image data and control information for the processing 
engines. The interconnection on the host PC side is done by a Linux kernel device driver module 
that sends and receives the images and the control information. This driver uses interrupts and is 
DMA capable so the system load can be kept at a minimum level. Additionally a software API in 
form of a C++ library was implemented to ease the access at the board. As the host’s operation 
system Linux (openSUSE 10.2) was chosen because it provides a complete development 
environment and open access at the kernel sources which was helpful when developing the device 
driver. 

In order to test the signal integrity to and from the board, several applications were developed: 

·  A benchmark to test displaying .dpx image files in the Monitor using OpenGL. 

·  A test to verify that the FlexWAFE FPGAs could be programmed and controlled via the 
control-bus (a shared bus that interconnects all FPGAs). 

·  A test to verify the signal path PCIe, on-board SDRAM memory, PCIe using just the I/O 
FPGA. 

·  A test to verify the interFPGA communications by establishing an image loop through 
FlexWAFE0, FlexWAFE1, FlexWAFE2, FlexWAFE1, FlexWAFE0. 

After the completion of these steps, the implementation of the image processing algorithm started 
as described in the next chapter. 

6.2. Demonstrated features 

The features of the demonstrator can be divided into two parts. First there are the I/O features. The 
I/O modules (software API, device driver, I/O-FPGA) allow a flexible usage of the board and support 
a wide range of image resolutions. The image dimensions can range from 16x16 pixels up to a 
maximum resolution of 4K (4096x3112 pixels) images when up to 10 bit per colour component are 
used. The size of an image can change after each image. The input and the output image size can 
differ, which was proven by the implementation of a scaler application. A reprogramming of the 
three computing FPGAs can be done within one second (300 ms per FPGA). A parameter bus 
allows the reconfiguration of some of the FPGAs internal registers at run-time (during normal image 
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processing mode). The implementation is done in an architecture-independent way so the board 
can also be used in a big-endian host architecture. To maximize the performance the input and 
output streams of the board are completely decoupled. This allows loading up to seven images into 
the board without reading one image back and is necessary for an application like motion 
estimation. The original requirement of processing 2K (2048x1556 pixels) images in real-time (24 
fps) was also reached. 

Second there are the image processing features. The first image processing FPGA (FlexWAFE0) 
implements bi-directional motion estimation using a block-matching, exhaustive search algorithm 
that operates in the luminance space of the inputted images. The decision criteria used is the 
minimization of the sum-of-absolute-differences (SAD). This same FPGA uses the resulting motion 
vectors to build a motion compensated image out of image blocks from the preceding and 
succeeding images. This optimizes the results because it can better deal with object occlusion and 
image sequence cuts (scene changes). The obtained motion compensated image together with the 
reference image is then sent to the second FPGA. On FlexWAFE1, a direct Haar transformation 
between these two images is done. The resulting high-pass stream is further processed in this 
FPGA, The resulting low-pass stream is forwarded to the next FPGA (FlexWAFE2). Both 
FlexWAFE1 and FlexWAFE2 do a three level discrete wavelet transformation on the stream, and 
then perform a shrinkage function on all decomposed sub-bands (with independent run-time 
configurable thresholds). An inverse discrete wavelet transformation is then applied to all sub-bands 
to recreate the de-noised version of the low- and high-pass streams. The low-pass stream was 
calculated in the FlexWAFE2 FPGA and is forwarded to FlexWAFE1 for the next step. To further 
de-noise the images an inverse Haar transformation is performed inside FlexWAFE1 between the 
resulting streams. The output is then forwarded to the I/O FPGA via the FlexWAFE0 FPGA. The I/O 
modules and the motion estimation and motion compensation (FlexWAFE0) can operate at up to 
4K images (4096x3112 pixels). The DWT-FPGAs (FlexWAFE1, FlexWAFE2) can only operate at 
up to 2K images because there is not enough internal on-chip memory on the used FPGAs 
(XCV2P50). If FPGAs with 10% more memory were to be used, the very same source code would 
be able to process 4K images. 

The purpose of the noise reduction application is to demonstrate the capabilities of the MORPHEUS 
chip regarding image processing. The demonstrated features show that the application is an 
adequate test case for image stream processing. The I/O features are not directly related to the 
MORPHEUS project but nevertheless are a needed part of the demonstrator. 

6.3. Tools used 

In the development process of the noise reduction algorithm various tools are involved. The HDL 
modules are implemented using Emacs. Emacs was chosen because of its extensive support of 
VHDL language features and code completion and because of the lack of a full-featured IDE that 
fitted our needs. For simulation Modelsim 6.3c from Mentor Graphics was selected. Modelsim offers 
a complete simulation environment including compilers for VHDL, Verilog and SystemC. Mixed-
language simulation allows to test the HDL modules using SystemC test suites. Finally the HDL 
modules are synthesized by ISE Foundation 7.1, 8.2 and 9.2 which is provided by Xilinx for their 
FPGAs. For on-chip debugging an Agilent logical state analyzer (Agilent 16902A) is used to monitor 
internal signals and states. The FPGAs are programmed either by a JTAG chain or by programming 
functions that are integrated in the software API. The second alternative allows changing the 
firmware of three FPGAs in less than a second. 

For the software part of the development process KDevelop 3.5.1 was chosen as IDE. The linux 
kernel device driver was developed in C, for the software API C++ was used. KDevelop offers a 
powerful editor and has a nice graphical front-end for the GNU debugger gdb. Additionally the 
documentation tool Doxygen and a client for the version control system CVS are integrated which 
reduced the use of extra tools for common software development tasks. The whole project has 
been developed in a collaborative way using cvs. 

For automation of several tasks bash, perl and php scripts and Makefiles where used. 
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6.4. Evaluation 

With regard to the originally proposed requirements, the demonstrator has reached its goals in most 
of the points. The film grain noise reduction algorithm is implemented and integrated into the 
FlexFilm board. The desired performance and features were reached in most cases. The gained 
experiences during development and the resulting recommendations were pointed out in deliverable 
D5.4: Evaluation report of phase 1. In Table 3 the achieved results originally presented in D5.4: 
Definition of reference baselines and evaluation metrics are repeated. 

Requirement Demanded Achieved 

Resolution 

·  1920x1080 (HD-Video) 

·  2048x1568 (2K film) 

·  4096x3112 (4K film) 

 

30 fps 

24 fps 

7.5 - 24 fps 

 

40 - 60 fps 

26 - 37 fps 

6.8 - 9 fps 

Pixel resolution 10 - 16 bit 

3 colour channels 

8 - 10 bit 

3 colour channels 

Input data rate 

·  1920x1080 (HD-Video) 

·  2048x1568 (2K film) 

·  4096x3112 (4K film) 

 

233 MByte/s 

289 MByte/s 

574 - 1836 MByte/s 

 

350 - 498 MByte/s 

361 - 475 MByte/s 

382 - 458 MByte/s 

Processing power 

·  1920x1080 (HD-Video) 

·  2048x1568 (2K film) 

·  4096x3112 (4K film) 

 

125 GOPS 

155 GOPS 

190 GOPS 

 

186 - 249 GOPS 

192 - 237 GOPS 

191 - 229 GOPS 

Processing complexity Up to 2000 operations per pixel 

Table 3: Requirements of the video application 

The table shows that most of the demanded requirements were reached and even exceeded. An 
explanation for the values can also be found in chapter 6 of D5.4. The results of the film grain noise 
reduction can be seen in Figure 26 which compares a noised and a de-noised image. There exists 
a visible difference between the noised image and the de-noised one. 

 

Figure 26: Results of the noise reduction 
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6.5. Conclusion 

An evaluation of the results of the FlexFilm board with regard to the MORPHEUS platform is quite 
difficult. The FlexFilm board is a homogeneous multi-chip platform that was developed in an 
industry-driven project for a specific field of applications. In contrast the MORPHEUS platform is 
designed to match various application domains by providing several heterogeneous processing 
units. Furthermore the amount of chip area of the MORPHEUS platform is very limited which results 
in small on-chip memories whereas the FlexFilm board provides a huge amount of onboard 
memory. Thus a direct comparison of the two platforms is not feasible and not wanted nor desired. 
The comparison is therefore focused on the implementations of the demonstrated algorithms on the 
various processing units (HREs) of the MORPHEUS platform without comparing the MORPHEUS 
chip as a whole. By comparing an isolated part of the noise reducer (e.g. motion compensation) 
which is implemented on one HRE with the equivalent implementation on the FlexFilm board 
important knowledge about the performance and reconfigurability of the selected HRE can be 
obtained. The adequacy of the selected HREs for stream processing will be explored. By increasing 
the image size the impact of small on-chip memory can be measured. Possible bottlenecks of the 
architecture can be discovered and analyzed. All these tests and experiments will lead to an in-
depth exploration of the potential of the MORPHEUS architecture. 

7. Concluding section 

In the previous sections the demonstrators of the industrial partners of the MORPHEUS project 
were presented ion detail. The demonstrators refer to implementations on COTS platforms, as they 
have been described in deliverables D5.1: Specification of the application test cases and D5.3: 
Report on selected intermediate implementation platforms and application subsets partitioning, for 
the first phase of the MORPHEUS project. 

ICOM’s demonstrator consists of three main network entities (two BSs and one RS) based on the 
picoChip boards, plus an FPGA-based channel emulator and two PCs for the data endpoints. The 
demonstrator of Alcatel-Lucent consists of two XUP Development boards and a PC. Among other 
things the boards are equipped with a Virtex-II Pro (XC2VP30) containing two PowerPC cores, 256 
MB onboard DDR RAM, a 10/100 Mbit/s Ethernet PHY, a RS232 interface and a JTAG port. 
TOSA’s demonstrator is related to the implementation of a motion detection algorithm dedicated for 
the domain of intelligent surveillance system, while DTO/TUBS demonstrates the use of high 
definition video/digital film technology based on a FlexFilm board. 
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8. Glossary 

AWGN    Additive White Gaussian Noise 

BS      Base Station 

CLI     Command Line Interface 

DDR     Double Data Rate 

DIMM     Dual Inline Memory Module 

DL-MAP  Downlink map 

FCH      Frame Control Header 

FEC     Forward Error Correction 

FPGA    Field-Programmable Gate Array 

GUI     Graphical User Interface 

MAC      Medium Access Control 

MIMO    Multiple Input Multiple Output 

MRC     Maximum Ratio Combining 

MRS     Mobile Relay Station 

OFDMA   Orthogonal Frequency Division Multiple Access 

PHY     Physical layer 

PSD     Power Spectral Density 

QAM     Quadrature Amplitude Modulation 

QPSK    Quadrature Phase Shift Keying 

RS      Relay Station  

SISO    Single Input Single Output 

SM      Spatial Multiplexing 

SNR     Signal to Noise Ratio 

STC     Space-Time Coding 

UL-MAP  Uplink map 

WiMAX   Wireless Interoperability fo Microwave Access 

ZF      Zero Forcing 

 
 


