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Abstract:

This revised deliverable reports on the advancesof the multi-user (MU) MIMO
testbed during the last year of the EU FP6 MASCOT research project and
incorporates the reviewer's recommendations from the �nal technical review
meeting. The �rst part of this report describes the high-level architecture and
operating principle of the o�ine MU-MIMO testbed. The secondpart is dedicated
to the real-time testbed and its extensiontowards QR-basedMU-MIMO detection.
The extensions include the successfultestbed integration of a QR decomposi-
tion ASIC for MIMO preprocessing, the implementation of QR-based MIMO
detection schemessuch as successive interference cancellation (SIC) and sphere
decoding, and the addition of provisions for enabling MU-MIMO communication.
Finally, measurement results of both testbeds are presented. MIMO gains and
multi-user aspects are demonstrated and measurements of the real-time testbed
concerningthe implemented extensionsfor QR-basedMIMO detection aswell asan
analysisof the testbed limitations and the implementation losscompletethis report.
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Executiv e Summary

The aim of Task2.3of the MASCOT project is the development, testing, and
demonstration of multi-user (MU) MIMO algorithms on a real-time FPGA-
basedtestbed. This deliverable reports on the �nal setup, capabilities and
results of the MU-MIMO testbed developed within the MASCOT project
and demonstratedlive at the secondETHZ open houseevent on February
13, 2009.

The �rst part of the report focuseson the ETHZ MIMO-OFDM o�ine
testbed, which constitutes a convenient solution for experimenting with new
signal processingalgorithms and ideasin a 
oating-p oint software environ-
ment, while still incorporating all real-world wirelesssignal propagation ef-
fects.

The secondpart of this deliverable is devoted to the latest extensionsof
the real-time MIMO-OFDM testbed. The extensionsinclude the successful
testbed integration of a QR decomposition ASIC for MIMO preprocessing,
the implementation of QR-basedMIMO detection schemessuch as succes-
sive interferencecancellation(SIC) and spheredecoding, and the addition of
provisionsfor enablingMU-MIMO communication. Furthermore, the system
requirements and implementation aspectsfor MU-MIMO communication are
outlined and discussed. Finally, measurement results of both testbeds are
presented. MIMO gains and multi-user aspects are demonstratedusing the
o�ine testbed. The measurements involve di�erent detection and coding
schemesand speci�c multi-user aspects. The corresponding measurement
results are presented and discussed.The individual measurements have ei-
ther beencarried out directly over the air, or by using a channel emulator
allowing for application of well-de�ned channelsand control of interference.
Transmit noisewas identi�ed asa seriousimpairment for the spheredecoder
and a solution using a whitening �lter is presented.
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Chapter 1

O�ine Testb ed Description

The motivation for developing the o�ine testbed was to have a 
exible and
easy-to-useprototyping platform, wheredi�erent MU-MIMO algorithms can
quickly be assessedover real world channelsunder realistic conditions (in-
cluding RF impairments and alike). This is achieved by carrying out most of
the signalprocessingtaskso�ine in a high-level computing environment such
asMatlab for exampleand whereonly the time-domain basebandsignalsare
written to the hardware, transmitted and read back.

1.1 Hardw are Overview

The o�ine testbed consistsof a BAT board containing a Xilinx Virtex 4
FPGA and up to four attached Wing boards. Each Wing board includes
a full RF chain with analog-digital/digital-analog conversion, mixing, and
ampli�cation. [4]. Dedicated transmit and receive bu�ers and individual
con�guration registers for each Wing are implemented on the FPGA and
can be accessedfrom the PC through a USB interface. On the PC, a cus-
tomizedsoftware framework in Matlab for userinteraction and o�ine MIMO
processingis available.

Fig. 1.1 shows a high-level block diagram of one stream of the o�ine
testbed. Only functions which can not be realized o�ine becauseof tight
timing restrictions, are implemented as hardware blocks on the FPGA. In
total four streamsare available on each MIMO testbed terminal. Data to be
sent is transferredto the transmit bu�er and readout whena transmissionis
initiated. In receive mode, the frame start detector triggers the start signal
for the receive bu�er basedon the received signalstrength indication (RSSI)
signal, which activates the receive bu�er to record the incoming data.

The automated gain control (AGC) adjusts the signal level of the analog

6
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Figure 1.1: Overviewof a singlestreamincluding loop back and bypasspaths
for calibration purposesand hardware integrity tests.

basebandsignal for optimal analog-to-digital conversion. This is done by
controlling the gains of a low noise ampli�er (LNA) and a variable gain
ampli�er (VGA) located on the transceiver chip. Again, the RSSI signal is
usedas a power indicator.

1.2 Op erating Principle

The o�ine testbed hasbeendesignedsuch that each of the four streamscan
beusedastransmit or receivechain individually. With this architecture, each
terminal can be con�gured for di�erent transmissionscenarios(seeFig. 1.2):

In tra-b oard comm unication Data transmissionfrom oneRF chain to an-
other RF chain on the sameboard is a helpful feature for running in-
tegrity tests over the air and to examinethe con�guration of the RF
transceiver chip aswell asthe automatic gain control (AGC) and frame
start detection.

In ter-b oard comm unication Data transmissionbetween selectedanten-
nas on one board to another board. For instance, one board can be
con�gured as user in transmit mode and the other as base-stationin
receive mode. This enablesMU scenarioswith up to four userson the
sametestbed terminal.

Multi-user comm unication Two boardscansimultaneouslytransmit data
to a third board, acting as a base-station. In this mode, the two users
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Figure 1.2: Intra-board communication versusinter-board communication

sharea commonclock sourceto avoid any frequencyo�set. An addi-
tional cablebetweenthose two boards allows to synchronize the start
time of the transmission(for more informations seeSec.2.2).

1.3 Hardw are In tegrit y Tests

The o�ine testbed provides three di�erent hardware integrity tests (refer to
Fig. 1.1 for the location of the loop-back modes):

FPGA loop-back test canbe usedfor the veri�cation purposesof the dig-
ital signal processingtasks in the o�ine testbed as well as in the real-
time testbed. The up- and downsamplingblocks can be bypassed.

ADC loop-back test includesthe ADC for veri�cation of the timing of the
receive path at the interfacebetweenthe ADC and the FPGA.

RF transceiv er loop-back test for calibration of the ADC and transceiver
chip.
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1.4 Signal Pro cessing

Data is transmitted using an OFDM systemadaptedfrom the 802.11astan-
dard, as it is implemented on the real-time Testbed. The o�ine testbed also
usesthe sameframe structure as the real-time testbed including preambles
and trainings. The following processingstepsarecompletedin Matlab before
the signal can be decoded:

Symbol time synchronization The periodic short preamble is detected
by autocorrelation. As soon as the autocorrelation-value begins to
drop, the end of the short preamble is found and the start time of
the next symbol can be determined.

Channel estimation Each transmit antenna sendsa training symbol time-
orthogonal to other transmit antennas. A frequencydomain ML algo-
rithm is usedto determinethe channel coe�cien ts for each tone.

SNR estimation The SNR estimation is performed in the time domain.
The periodic short preamble is used to estimate the average signal
power and its variance. Sinceone period of the preamble is repeated
several times, an estimation of the original signal can be obtained.
Deviations of this signal are interpreted as noiseand result in a SNR
estimation.

Frequency o�set estimation and comp ensation The frequencyo�set be-
tweenthe clocks of two boardsis estimatedby the phaseo�set between
two identical sectionsof the preamble. Afterwards, the whole frame is
rotated back with the estimated frequencyo�set.

Tracking and comp ensation of residual frequency o�set Each OFDM
symbol includes four pilot tones, which are usedto track the residual
frequencyo�set.

Di�eren t MIMO detectorscanbechosen,such asa linear MMSE detector
or a spheredecoder [3]. They computeeither hard decisionsor soft decision
information. A BCJR-decoder is usedif a convolutional encoder wasapplied
at the transmitter.

The whole environment is highly con�gurable. The number of transmit
and receive antennas can be set independently and space-timeblock codes
can be applied. The software determineswhich RF chains are transmitting
and which are receivingand con�gures them accordingly.

The support of multi-user up-link communication requiresthat indepen-
dent data signals are generatedfor each user and distributed to di�erent
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boards. Modulation and coding schemescan be individually chosenfor the
two usersand the receiver must be able to deal with di�erent modulations
on di�erent streams.

The software is controlled by a graphical user interface (GUI), shown in
Fig. 1.3. A scattering plot and the estimated channel coe�cien ts of each
received frame is also shown. This allows to detect errors quickly and gives
a �rst feedback on the quality of the link.

Figure 1.3: GUI of the O�ine Testbed



Chapter 2

Real-Time Testb ed Extensions

2.1 MIMO Prepro cessing Extensions

2.1.1 System Mo del

A MIMO communication systemcan be modeledas

y = Hs + n (2.1)

with the MR -dimensional received signal vector y , the transmitted symbol
vector s is of dimensionM T , the complex-valued channel matrix denotedby
MR � MT -dimensionalmatrix H , and n representing the M R -dimensionalad-
ditiv e zero-meani.i.d. complexGaussiannoisewith varianceNo per complex
dimension.

Applying the QR decomposition to H and multiplying by QH leadsto

ŷ , QH y = Rs + n (2.2)

whereQ is of dimensionM R � MR andunitary andR is of dimensionM R � MT

and upper triangular.
A MIMO detector estimatesthe transmitted symbol vector basedon the

received signal y and the channel matrix H . The estimate ŝ denotesan
estimate of the transmitted symbol vector according to the underlying de-
tection algorithm. Finally, the estimated symbol vector ŝ is de-mapped to
binary-valued estimatesof ŝ as follows

b̂ = map� 1(ŝ) (2.3)

by, e.g.,using Gray mapping.

11
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Figure 2.1: System-level overview of the MIMO processingblock in the re-
ceiver consisting of a QRD-basedMIMO preprocessingblock and a corre-
sponding MIMO detection unit.

2.1.2 System-Lev el Overview

A system-level overview of the restructured and extendedMIMO processing
block in the receiver part of the MASCOT real-time 4� 4 MIMO-OFDM
testbed is shown in Fig. 2.1. The redesignedMIMO processingblock consists
of a preprocessingunit which performs the QR decomposition (QRD) and
a QRD-basedMIMO detection unit. The QRD-basedMIMO preprocessing
allowsfor a variety of MIMO detectionschemesranging from linear detection
to advanceddetection methods, such as the spheredecoder, for example.

The MIMO preprocessingunit computesthe minimum mean squared er-
ror sorted QR decomposition (MMSE-SQRD) of the complex-valuedchannel
matrix H and passesthe result, i.e., the unitary matrix QH and the upper-
right triangular matrix R, to the corresponding detection blocks. The input
data for the MIMO preprocessingunit, i.e., the channel matrix H and the
standard deviation � n of the noise No, are estimated in dedicated channel
and noiseestimation blocks, respectively.

Upon frame reception, the training data from the frame headerare �rst
processedby the channeland noiseestimation blocks. The estimatedchannel
matrix H and the noiseterm � n are then passedto the MIMO preprocessing
unit, which performs the MMSE-SQRD of H . Once the MIMO preprocess-
ing unit has completedits computation, the received (and bu�ered) symbol
vector y is processedby pre-multiplying QH , i.e., the hermitian-transposeof
Q. The resulting vector ŷ = QH y is then passedto the MIMO detection
block. Finally, the detectedbits b̂ are handedover to the channel decoder
in order to computeestimatesof the transmitted bits.
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2.1.3 MIMO Prepro cessing Arc hitecture

The architecture of the MMSE-SQRD-basedMIMO preprocessingblock is
depicted in Fig. 2.2, showing the top-level block diagram of a combined
FPGA-ASIC realization. The entire MIMO preprocessingblock consistsof
three major parts:

First, the entit y MIMO PreprocessingTop provides the system-level in-
terconnectionto the MIMO physical (PHY) layer. As primary input, it re-
trievesthe estimatedchannel matrices from the channel estimation block in
the MIMO receiver { oncethe training data hasbeensuccessfullyprocessed
after framereception. The �xed-p oint data of the channelestimation is prop-
erly pre-scaledand passedupward to the next major block by the Channel
Estimation Memory Read units. Next to the memory read units, the QR-
decomposeddata is retrieved from the upper block by the SQRD Memory
Write units. The retrieved SQRD data is post-scaledand individually writ-
ten to the preprocessingmemories,namely the Con�g , Q and R memories.
During the memory write sequence,a speci�c memory addresstranslation
schemeis applied in order to optimize the arrangement of the SQRD data in
the preprocessingmemoriesfor the subsequent MIMO detection process.As
primary outputs of the MIMO preprocessingtop-level block, a dual-channel
memory interface to the MIMO detection unit provides su�cien t memory
bandwidth for the detection process.

The secondmajor block, i.e., the FPGA-ASIC interfacetop-level depicted
as entit y SQRD IF Top in Fig. 2.2, incorporates the individual ASIC data
load and retrieval units with dedicatedprovisions to satisfy the challenging
FPGA-ASIC interfacetiming. Moreover, a speci�cally designedbuilt-in self-
test (BIST) checks and ensuresthe integrity of the FPGA-ASIC interconnect
with respect to functionality and timing.

The third major block of the MIMO preprocessingtop-level architecture
is constituted by the two MMSE-SQRD ASICs, designedas dual-corevari-
ant of the Givens-rotations-basedMMSE-SQRD architecture as published
in [11]. The employed MMSE-SQRD ASIC, which is depicted in Fig. 2.3,
is manufactured in UMC 0.18µm 1P/6M CMOS technology and the corre-
sponding VLSI implementation resultsare reported in [12]. Each coreof the
ASIC is able to perform regularized(i.e., accordingto the MMSE criterion)
or non-regularizedQR decomposition, either unsorted, one-time sorted, or
iterativ ely sorted. All computations are carried out in �xed-p oint data for-
mat. The column-norm computation employs the `2-norm. Additionally ,
various con�gurations of number of transmitted streamsand number of re-
ceive antennas are supported by the ASIC. The algorithmic speci�cations
of the implemented MIMO preprocessingblock and the corresponding ASIC



14 MASCOT D2.3.2c

implementation results are summarizedin Tbl. 2.1.

Figure 2.2: Top-level diagramof the MIMO preprocessingunit, which is split
into tree major parts: PHY logic (MIMO PreprocessingTop), FPGA-ASIC
interface logic (SQRD IF Top), and MMSE-SQRD ASIC processing(SQRD
ASIC 1 & 2).

2.1.4 Testb ed In tegration of the MMSE-SQRD ASIC

Prin ted Circuit Board

The electrical and functional correct integration of the MMSE-SQRD ASIC
in the MASCOT real-time testbedrequiredthe designandmanufacturing of a
dedicatedprinted circuit board (PCB) asshown in Fig. 2.4. The customized
PCB connectstwo instancesof the MMSE-SQRDASIC to oneof the FPGAs
on the VAMP prototyping board [13]. Moreover, the PCB was designed
to connect two instancesof a video digital-to-analog converter (DAC) to
the FPGA. Thesevideo DACs are designedfor the industrial-standard and
widely-used VGA interface speci�cation and are meant to be used in the
testbed as versatile debugginginfrastructure for di�erent real-time aspects
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Figure 2.3: Chip micrograph of the MMSE-SQRD ASIC containing two
SQRD cores. The ASIC architecture is designedto support simultaneous
operation of both SQRD cores. The circuit has been integrated in UMC
0.18µm 1P/6M CMOS technology.

Table 2.1: MIMO preprocessingspeci�cations

Algorithm Givens-rotations-basedSQRD
QR decomposition non-regularized,regularized(MMSE)
Column norm computation `2-norm
Sort metrics minimum, secondminimum [10]
Sort methods none,one-time, iterativ e
Supported con�gurations NT X 2 f 1; 2; : : : ; 4g

NRX 2 f 1; 2; : : : ; 4g
Implementation MMSE-SQRD ASIC [11], manufactured in

UMC 0.18µm 1P/6M CMOS technology
Clock frequency designedfor 152MHza

Core area 2� 0.785mm2

Aggregatedprocessingtime per 40 cycles,263ns
matrix [4� 4 MMSE-SQRD]
Aggregatedpreprocessing 3.8M SQRD/s
throughput [4� 4 MMSE-SQRD]

apost-layout clock frequency
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of the MIMO PHY layer and as visualization resourcefor demonstration
purposes. Last but not least, the di�erent integrated circuits on the PCB
ask for two di�erent supply voltagesprovided by two separatepower supply
modules. The speci�cations of the MMSE-SQRDASIC PCB aresummarized
in Tbl. 2.2.

Table 2.2: Speci�cations of the MMSE-SQRD ASIC PCB

Devices 2� MMSE-SQRD ASIC [11]
2� Video DAC with VGA support (ADV7125)

Power supply 3.3V ASIC pad and video DAC power supply
1.8V ASIC corepower supply

FPGA interface ASIC: 2� 68 I/O signals
Video DAC: 2� 18 I/O signals

Figure 2.4: Custom-designedPCB for integration of the MMSE-SQRDASIC
in the MASCOT real-time testbed.

System-Lev el In tegration Challenges

The system-level architecture of the MIMO preprocessingblock described
in Sec.2.1.3wasdesignedfor a target clock frequencyof 80MHz. The 80MHz
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clock waschosenasreasonablecompromisebetweenaggregatedpreprocessing
performanceand implementation feasibility with respect to I/O interface
timing closure. But still, choosing a designfrequencyof 80MHz continued
to poseseveral technical challenges,which had �rst to beaccomplishedbefore
obtaining a fully operational system.

The hand-shake protocol applied for the I/O interface between FPGA
and ASIC requires tight timing constraints in order to guarantee 
a wless
operation. Using 3.3V supply voltage for the pads, the ASIC has input and
output pad delay �gures of approximately 1.0ns, and the FPGA has input
and output pad delays of 1.0ns and 1.9ns, respectively, all of them speci�ed
for standard switching characteristics. Unfortunately, the proper implemen-
tation of the underlying hand-shake protocol speci�cation asksfor a direct
input-to-output path, i.e., a purely combinational input-to-output relation,
on the receiving part of the interface. In the ASIC, this path exhibits an
acceptabledelay of 2.5ns, in the FPGA, the incurred delay can be signi�-
cantly higher dependingon the synthesisand placeand route (P&R) results.
The weak spot of direct input-to-output relations for practical I/O realiza-
tions is exhibited when pad and interconnectdelays considerablycomeinto
account for high-speedlinks. Moreover, with direct input-to-output relations
for an interfaceprotocol, there is conceptuallyno head-room reserved for I/O
timing relaxation using local clock skew tricks.

The technical challengein obtaining post-P&R timing closureis clearly
illustrated with the following consideration:At 80MHz clock frequency, the
clock period amounts to 12.5ns. The direct input-to-output path in the ASIC
requires2.5ns of the interface timing budget, and twice 0.5ns are spent for
the interconnectiondelay on the PCB. The aggregatedFPGA pad delay asks
for another2.9nsof the timing budget. At the end,the remaining6.1nsmust
account for the entire FPGA logic and FPGA-internal P&R delays and clock
skews. Furthermore, the electrical aspects of slew rate control and drive
strength matching must alsobe properly handled.

A viable solution { if not the only one{ for accomplishingall mentioned
technical challengesis the strict control of the placement processfor the
FPGA logic in order to enforcethe proper placement of critical components.
The subsequent routing processstill in
uences the outcomeof the �nal de-
sign, but doesnot contribute signi�cantly.

The MIMO preprocessingtop-level architecture hasconceptuallyforeseen
a fall-back option with respect to timing closure: Since the entire MIMO
preprocessingblock formsan isolatedclock domain, it allowsfor speci�c clock
speedreductions in caseincreasedFPGA placement and routing congestion
deteriorate the critical FPGA-ASIC interface timing and thus rendering the
FPGA system-level timing closurewith the target clock speedimpossible.
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There exist two clock domain boundariesrelevant for the MIMO prepro-
cessingtop-level: The �rst one residesin the channel estimation memory
located inside the channel estimation block depicted in Fig. 2.1, the second
one crossesthe preprocessingmemorieslocated at the output side of the
MIMO preprocessingtop-level, illustrated as dashedline in Fig. 2.2.

Deplo ymen t

The practical deployment of the MIMO preprocessingblock hasbeencarried
out using a LeCroy WaveRunner 204MXi oscilloscope in combination with
a LeCroy MS-500 mixed-signalextension,shown in Fig. 2.5. This sophisti-
cated and powerful technical solution greatly alleviated the burden imposed
by the challengingtask of achieving FPGA-ASIC interfacetiming closureat
the target clock frequencyof 80MHz.

2.1.5 MIMO Prepro cessing Performance

The implemented MIMO preprocessingblock employs two MMSE-SQRD
ASICs clocked at 80MHz and achievesan aggregatedpreprocessingthrough-
put of four million matricesper second.The processingtime for 48 complex-
valued 4� 4 matrices using MMSE-SQRD-basedpreprocessingamounts to
13.75µs. The system-level characteristicsof the implemented MIMO prepro-
cessingblock are summarizedin Tbl. 2.3.

The MIMO preprocessingblock can start its operation as soon as four
subcarriers are completely estimated and available as matrices in the chan-
nel estimation memory. From a system-level perspective, this early start
procedureallows to reducethe MIMO preprocessinglatency by 2.54µs. As
a result, the MMSE-SQRD-basedpreprocessingin the MASCOT real-time
testbed essentially introducesan e�ective MIMO preprocessinglatency of
11.2µs.

Table 2.3: System-level speci�cations of MIMO preprocessing

Algorithm 4� 4 MMSE-SQRD
Implementation 2� MMSE-SQRD ASIC [11]
Clock frequency 80MHz
Aggregatedpreprocessingthroughput 4M SQRD/s
[4� 4 MMSE-SQRD]
E�ectiv e system-level preprocessing 11.2µs
latency (48 complex-valued 4� 4 matrices)
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Figure 2.5: Workspaceshowing the LeCroy WaveRunner 204MXi oscillo-
scope and the LeCroy MS-500 mixed-signalextensionfor assessingelectrical
and timing aspectsof the FPGA-ASIC interfaceduring system-level deploy-
ment of the MIMO preprocessingblock.
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2.2 MU-MIMO Implemen tation Asp ects

The implementation of MU-MIMO communication di�ers in several aspects
comparedto single-userMIMO communication [8]. It also has to be distin-
guishedbetweenthe up-link or multiple accesschanneland the down-link or
the broadcastchannelasthe challengesand requirements for the two scenar-
ios di�er.

With the real-time testbed, we decided to focus on the up-link. The
realization of a testbed being able to do simultaneous MU-MIMO up-link
communication involvesthe following tasks and challenges:

ˆ The PHY layer must be con�gurable to select on how many and on
which of the four streamsthe data are to be transmitted.

ˆ The receivingbasestation must beableto handlesimultaneouslytrans-
mitted signal �elds containing modulation scheme and frame length
from each user.

ˆ The receivingbasestation must beableto simultaneouslycomputeand
check the CRC of each user'sdata stream.

ˆ All usersneedto be synchronized such that their signal arrivesat the
sametime at the basestation.

ˆ The frequencyo�set and sampling rate o�set must be compensatedin
the transmit path asthe basestation is not ableto compensatedi�erent
frequencyo�sets in the receive path.

ˆ The PHY layer in the basestation must signal all simultaneously re-
ceived framesto the MAC layer.

ˆ To follow the paradigm\high-complexity in the base-station,low-complexity
in the userterminals", more involved detection algorithms for the base
station needto be implemented (e.g. ML-detection) and evaluated.

MU-MIMO Con�guration Additional con�guration registerswereadded
to the PHY layer and additional logic was necessaryto be able to selecton
how many streamsand on which streamsdata aretransmitted. The following
PHY layer blocks needto be con�gured:

ˆ Interleaving over antennasneedsto be turned o�.
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ˆ The transmit bu�er (PHY-MA C layer interface) must be con�gured
such that data are only transmitted on the selectedstreams. For ex-
ample,oneuserneedsto transmit on stream1 and stream2, while the
other user transmits on stream 3 and stream 4. This is necessaryto
assurethat the MIMO training is received in the correct way.

ˆ In the RF front-end, only the usedRF chains shall be enabled.

ˆ The receive bu�er needsto be con�gured such that it knows, which
receive streambelongsto which user. This is necessaryto computethe
cyclic redundancycheck (CRC) of each user and signal the results to
the MAC layer.

User Synchronization and Frequency-O�set Comp ensation In gen-
eral, the carrier frequencyof each userdi�ers slightly, aseach useris equipped
with an own local oscillator. In a collision-basedup-link scenario,frequency
o�set estimation and compensation becomesmore challenging and di�ers
from the single-userscenario. In a single-userscenario,the frequency o�-
set between transmitter and receiver is estimated and compensatedin the
receiver. However, in a MU up-link scenario,there are several userswith
di�erent local oscillators transmitting at the sametime. Therefore,estima-
tion and compensationof all frequencyo�sets in the receiver becomesmore
challengingor even impossibleasa superposition of the transmitted signal is
observed. One solution to counter this problem is to estimate the frequency
o�set in the receiver and compensatethe frequencyo�set before the signal
is actually transmitted. However, this approach requiresa major redesignof
the synchronization block in the real-time testbed. Therefore and in order
to keepcomplexity manageable,we decidedto attach all usersto a common
clock generator. Thus, the frequencyo�set and samplingrate o�set between
the usersand the basestation is the samefor all users.This setup is shown
in Fig. 2.6.

To realize simultaneousup-link communication, all usersmust transmit
within a certain time interval, such that the multi-path propagation from
each user reachesthe basestation within the guard interval. This synchro-
nization is a di�cult task and the authors in [15] state that timing synchro-
nization represents the most challenging task in multimedia wirelessscenar-
ios, especially true, in a completely asynchronous up-link transmission. In
the real-time testbed, this is solved by having a counter in the transmitter of
each user that starts counting, when a new frame is received from the base
station. In the meantime, the MAC layer is processingthe received frame
and preparesthe response. Once the counter has expired, the frames are
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Figure 2.6: Transmitter synchronization

transmitted.

2.3 Extensions for MU-MIMO Detection

A MU-MIMO detector di�ers from a single-userdetector that it must be
capable to processdi�erent modulation schemeson di�erent streamsused
by each user. So far, the Riccati-basedMMSE detector usedin the MIMO
testbedwasonly able to processthe samemodulation schemefor all streams.
Recently, a successive interferencecancellation (SIC) detector and a sphere
decoder (SD) wereimplemented and addedto the testbed. The two detectors
are designedto processdi�erent modulation schemeson each stream. In the
following, the FPGA implementation of the two detectors as well as the
integration into the entire systemwill be explained.

2.3.1 Constellation-P oin t Normalization

The implementation of a MIMO detectorbeingableto processdi�erent mod-
ulation schemeson each streamintroducesadditional computation complex-
it y. As the constellation points of each modulation schemeare chosensuch
that the averagetransmit power equalsone, the decisionregionsneedto be
adjusted in the receiver according to the used modulation scheme on each
stream. To avoid this additional e�ort in the timing-critical detection pro-
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cess,it is advantageous,if each modulation schemeis a subsetof the highest
order modulation scheme,i.e., if the following relation holds:

OBPSK � OQPSK � O16-QAM � O64-QAM (2.4)

To ful�ll (2.4), the constellation points of QPSK and 16-QAM have to be
scaledsuch that they are a subsetof the 64-QAM constellation points. Fur-
thermore, the 64-QAM constellation points are scaledto fall onto the grid
of Gaussianintegers, i.e., O64-QAM = f� 1 � i; � 3 � 3i; � : : :g 2 (CZ). For
BPSK, an elegant solution is to scale and rotate the BPSK constellation
points onto the QPSK constellation set. The rotation angle is 45 degrees,
which can be implemented e�cien tly in hardware by interchanging real and
imaginary part and taking careof the signs. The scalingand rotating process
of constellation points can be described in the following form:

~s = CBs (2.5)

whereB is a real-valueddiagonalmatrix containing the scalefactors for each
stream and C is a complex-valued diagonal matrix containing the appropri-
ate rotation values. Note that this transformation needsto compensated
accordingto:

ŷ = RB � 1C � 1~s + n (2.6)

SinceC � 1 rotates columnsof R, the diagonal elements of RB � 1C � 1 are no
longerguaranteedto be real-valuedand positive. To maintain this important
property, the received vector canbemultiplied by the rotation matrix C such
that

Cŷ = CRB � 1C � 1~s + Cn (2.7)

and CRB � 1C � 1 = ~R has real-valued non-negative entries on the diagonal.
The entries of B and C depend only on the modulation schemesbeing

used on each stream. Therefore, ~QH = CQ H and ~R can be computed in
the preprocessingstage. Sinceboth, B and C are diagonal matrices, each
element of ~QH and ~R is computedaccordingto

~QH
ij = Cii QH

ij ; i; j = 1; 2; : : : ; MT (2.8)

~Rij =
Cii

Cj j B j j
Rij ; i; j = 1; 2; : : : ; MT (2.9)

The latency introducedby this additional preprocessingstep in the current
architecture is negligible(i.e., 6 clock cycles,75ns), but simpli�es the imple-
mentation of a MIMO detector signi�cantly and enablesto processdi�erent
modulation schemeson di�erent streams.
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2.3.2 Successive In terference Cancellation (SIC)

The input-output relation in (2.2) can be formulated accordingto

ŷi =
M TX

i = j

Rij sj + ni (2.10)

with Rij being the ij th element of R. Successive interferencecancellation
(SIC), alsoknown asdecisionfeedback equalization(DFE), performs

x̂ i =
ŷi �

P M T
j = i +1 Rij ŝj

Rii
(2.11)

ŝi = Q(x̂ i ) for i = MT ; MT � 1; : : : ; 1: (2.12)

The function Q(�) describesthe slicing operation that choosesthe constella-
tion point ŝi closestto x̂ i . In the hardware implementation, the division by
Rii can be avoided by taking it into the slicing operation. The SIC iteration
now becomes

Rii x̂ i = ŷi �
M TX

j = i +1

Rij ŝj (2.13)

ŝi = Q(Rii ; Rii x̂ i ) for i = MT ; MT � 1; : : : ; 1 (2.14)

The slicing operation can alsobe formulated asa minimization problem:

ŝi = arg min
si 2O

jbi � Rii si j
2 wherebi = ŷi �

M TX

j = i +1

Rij ŝj : (2.15)

SIC Arc hitecture The main task of the SIC detector is to compute(2.15)
and return the constellation point, that minimizes (2.15). In (2.15), it can
be observed that the term bi is the samefor all possiblesi at iteration step
i . Therefore, this term can be computed in advance. The partial distance
unit (PDU) shown in Fig. 2.7 computesbi and is responsible for the closest
constellationpoint. The closestsymbol is found by checking a �nite setof de-
cision boundariesconsistingof multiples of Rii . By exploiting the symmetry
of the constellationpoints, this task canbe implemented with 6 comparators
(3 for each dimension).

Fig. 2.7 shows the high-level block diagram of the implemented SIC de-
tector. To completethe entire iteration, the PDU needsto beusedM T times.
Afterwards, the detectedsymbol vector is reorderedaccordingto the permu-
tation matrix P delivered by the QR-decomposition and �nally de-mapped
into singlebits.

Implementation results of the SIC detector can be found in Tbl. 2.5.
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Figure 2.7: High-level block diagram of the SIC detector implementation

2.3.3 Sphere Decoding

Spheredecoding (SD) [7] can be illustrated as tree search problem, where
each branch of the tree is associated with a metric and the distanceof a node
is the sum of all branch metrics along that path. The goal of a tree-search-
baseddetector is to �nd the leaf node with the smallestEuclideandistance.
Tbl. 2.4 summarizesthis analogy:

Table 2.4: Analogy betweentree search and SD algorithm.

Tree-search Spherealgorithm

layer transmit stream j

path to node on layer j ŝ(j ) = [ŝj ; ŝj +1 ; : : : ; ŝM T ]

branch metric e
�
ŝ(j )

�
ŷi �

P M T
j = i Rij ŝj

node distanceTi
P M T

j = i e
�
ŝ(j )

�
= Ti +1 + wi

The SD algorithm searches the tree in a depth-�rst manner. Starting
at the top of the tree, the child node with the smallest partial Euclidean
distance(PED) is computed and selected.Afterwards, the child node with
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the smallest PED of this selectednode is computed and selected. This is
continued until the �rst leaf node with its associated Euclidean distance
(ED) is reached. The path to the �rst leaf node alsocorrespondsto the SIC
solution.

The SD algorithm now takes this ED as new radius r into the sphere
constraint

Ti

�
ŝ(i )

�
< r 2

which means,that all nodeswhosePED violate this constraint canbepruned.
The algorithm now continues with the next node that ful�lls the sphere
constraint. Whenever the algorithm �nds a leaf node with a smaller ED
than the current radius, r is replacedby this value. The algorithm continues
until either all nodesare visited or pruned.

The main properties of the SD algorithm can be summarizedas follows:

ˆ Achievesmaximum likelihood (ML) performance

ˆ Averagesearch complexity is strongly reducedcomparedto an exhaus-
tive search ML detector

ˆ Variable run-time

System Requiremen ts In the real-time testbed, 48data subcarriersneed
to be processedwithin 4µs. With a clock frequencyof 80MHz, this makes
6.67clock cyclesin averageper sub-carrier. Simulations showed that a sphere
decoder with early termination and scheduling needsabout 13 clock cycles
in averageto achieve acceptableBER performance. Therefore,at least two
SD units needto be available on the real-time testbed.

Sphere Arc hitecture Fig. 2.8 shows a high level block diagram of the
spheredecoder implementation. The chosenarchitecture is 5 times inter-
leaved pipelined, which meansthat 5 symbols from di�erent subcarriers are
processedat the sametime. This allows to run the spheredetector at the
systemfrequencyof 80MHz. The �rst three stagesare responsible for com-
puting the PED and carry out the metric enumeration one layer above in
parallel. The forth pipeline stagecarriesout the addition with the previous
PED and the last stage is responsible for the radius check and the input
handling. Oncea symbol is found, it needsto be reorderedaccordingto the
permutation matrix computedby the QR-decomposition ASIC.
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Figure 2.8: High-level block diagram of the spheredetector implementation.

System Level Arc hitecture Fig. 2.9 shows the systemlevel architecture
of the spheredecoder implementation. Two spherecoresare instantiated
to meet the throughput requirements. The two coresare fed by a common
control unit which takes a new symbol out of the FIFO bu�er whenever a
spherecore has �nished the computation of one MIMO symbol. The pro-
cessedsymbols are stored according to their sub-carrier in another bu�er.
This scheduling method is called FIFO scheduling and balancesthe variable
run-time of the SD algorithm. Furthermore, the control unit is able to abort
the computation of a symbol in order to meet the real-time requirement.
Aborted symbols get a pseudo-softoutput value as described in [5].

2.3.4 Implemen tation Results

Tbl. 2.5 summarizesthe achieved implementation results and comparesthe
SIC detector and the spheredecoder. The presented results include all in-
stantiated cores,control logic and input scheduling. It can be observed, that
the implementation resourcesof SIC on the real-time testbed are about 4
times lessthan for spheredecoding. Performancemeasurements and com-
parison betweenthe detectorsare shown in Sec.3.2.4.
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Figure 2.9: High-level block diagram of the spheredetector implementation.

Table 2.5: Figures of merit for the SIC detector and the spheredecoder,
both including the normalization of the constellationpoints implemented on
a XILINX Virtex-I I Pro VP70 FPGA with speedgrade-5.

SIC Detector SphereDecoder

Slices 1748/33088(� 5%) 7967/33088(� 24%)

MULTs 33/328 (� 10%) 75/328(� 23%)

BRAMs 8/328 (� 3%) 14/328(� 5%)

Latency [clock cycles] 16 variable

Clock frequency[MHz] 80 80



Chapter 3

Measuremen t Results

3.1 Setup

The measurement of point-to-p oint MIMO communication is performedwith
two terminals, each equipped with four RF chains. One of the two termi-
nals servesas transmitter, the other oneasreceiver. For MU-MIMO up-link
measurements, three terminals areused,two of them arecon�gured astrans-
mitters with two antennaseach, while the other terminal servesas receiver.

The measurements caneither becarriedout on the o�-line testbed, where
all the signalprocessingis donein Matlab or on the real-time testbed, where
everything is processedin real-time and the error rate andperformancestatis-
tics aretracked in the MAC layer. The resultspresented in the following were
mostly measuredon the o�-line testbed. The reasonis the easiersetup of
the measurement infrastructure. Nevertheless,all measurements can alsobe
carried out on the real-time testbed.

Channel Em ulator

In order to perform reproducible measurements and to be able to apply
channels from de�ned models, a channel emulator is used. This emulator
can model MIMO channelsup to four streamsand impulse responseswith
up to 12 taps. The channelemulator acceptsRF signalswhich are internally
down-converted and digitized. The channel model is applied in the digital
domainbeforethe signalis mixed to RF again. In our measurement setup,we
usea block fading TGn type C channel model [6]. The channel coe�cien ts
are precomputed and changed after each frame (i.e., we measurea block
fading scenario).

The RF chains are connectedto the channel emulator by cables. The
channel emulator is controlled by a PC via the Ethernet (Fig. 3.1). This

29
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Channel emulator

Data source/sink
Control

RF RF

USB USB

ETH

Transmitter Receiver

QuadBat QuadBat

PC

Figure 3.1: Measurement setup overview

setup allows to remotely change channel realizations and to sweep over a
range of output powers to measurethe performanceat di�erent received
signal strengths (indirectly related to SNR).

3.2 Results

We measurethe bit error rate (BER) or frame error rate (FER) while sweep-
ing the output power of the channelemulator from -71dBm to -49dBm. The
measurements for each output power setting are taken over 1000channel re-
alizations or until 200 frame errors are recorded. The �rst plot (Fig. 3.2)
shows a 4� 4 MIMO transmissionon the o�ine testbed with a rate 1/2 con-
volutional code, de-mapped with a soft output spheredecoder. For each
output power level, one can estimate the SNR at the receiver and plot the
BER with respect to this SNR, which is shown in Fig. 3.2(b). Sincethe SNR
estimations show somevariations, the following measurements are plotted
with respect to the emulator output power to excludethis additional source
of error.
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Figure 3.2: 4� 4 coded MIMO transmission(QPSK, MMSE detector)

3.2.1 MIMO Gains

In this section, we assessthe bene�ts of diversity, array, and multiplexing
gainsachievable with a real-world MIMO system. Thesemeasurements were
carried out on the o�-line testbed.

The easiestway to obtain diversity is to increasethe number of receive
antennas. In this case,wealsobene�t from an array gain,but no multiplexing
gain. The e�ect of introducing one or three more receivers can be seenin
Fig. 3.3.

A well-known result stating that it is more e�cien t to usemore degrees
of freedomthan to pack many bits in few dimensions[18] can be observed
by comparing 16-QAM SISO to QPSK 2� 2 MIMO transmissions. Fig. 3.4
shows the better performanceof the MIMO systemusing a spheredecoder.

3.2.2 Space-Time Blo ck Codes

Alamouti Scheme

The STBC coding schemeintroducedby Alamouti [1] allows to obtain trans-
mit diversity without increasingthe decoder complexity. Fig. 3.5 shows a
comparisonof 2� 1 Alamouti with a simpleSISOsystem. The transmit power
is individually adjusted such that both schemesconsumethe sameamount
of power. The Alamouti coded signal shows better performancewith a gain
of about 5dB comparedto a corresponding SISOsystem.

Increasing the number of receive antennas is straight forward and re-
sults in a higher diversity order. It is alsopossibleto combine the Alamouti
scheme with spatial multiplexing. On the o�ine testbed it is possible to
usefour transmit antennas. To this end, two usersare assumedto applying
the Alamouti code to two antennas each and are transmitting simultane-
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Figure 3.3: Receive diversity

ously. The resulting code is not orthogonal anymore, which rendersMMSE
detection suboptimal due to the spatial multiplexing.

Golden Code

The Goldencode is a full-rate STBC for a 2� 2 system[2]. Unlike the Alam-
outi code, the Goldencode requiresan ML decoder to achieve its full perfor-
mance. The performanceimpact of the detector is shown in Fig. 3.6. The
measurements on the o�ine testbed illustrate that full diversity is only ob-
tained when using spheredecoding, while MMSE detection can not achieve
full diversity.

3.2.3 Transmit Noise

Transmit noisewas found to be a major impairment in MIMO systems,but
has so far not received su�cien t attention in the literature. Transmit noise
is generatedin the RF chain of the transmitter. The systemmodel must be
adapted in the following way to include transmit noisen t as well as receive
noisen r .
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Figure 3.4: BER performancefor coded 2� 2 MIMO comparedto SISO
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y = H (s + n t ) + n r (3.1)

As a �rst approximation, n t can be modeledas zero-meani.i.d. complex
Gaussiannoisen t � CN (0; I t � 2

t ) and n r � CN (0; I r � 2
r ). The transmit noise

SNR of our RF chain was estimated to be around 29dB.
In contrast to the receive noise, transmit noiseis not white anymore at

the receiver. This leadsto a signi�cant performancedegradationof MIMO
detectorsthat rely heavily on the white noiseassumption.

In order to mitigate the e�ects of colorednoise,a whitening �lter can be
usedat the receiver. The received noiseis n = Hn t + n r with meanEf ng = 0
and covariancematrix

Ef nn H g = K = HH H I t � t + I r � r :

Using a Cholesky decomposition, an upper triangular matrix R can be
computedsuch that

R H R = K :

By multiplying the channel matrix and the received vector with the inverse
of R H , we get

�
R H

� � 1
y =

�
R H

� � 1
H (s + n t ) +

�
R H

� � 1
nr

with white noise

Rn t +
�
R H

� � 1
nr � CN (0; I ):

3.2.4 Detector Comparison

Fig. 3.7 shows the Matlab frame error rate (FER) simulation results of SIC,
soft-MMSE and hard spheredecoding with and without 27.5dB transmit
noise. It can be observed that the spheredecoder su�ers signi�cantly from
transmit noise,while the MMSE detector is much lesssensitive on transmit
noise.

Fig. 3.8 shows measurements of the frame error rates of MMSE detectors
and spheredecoders with hard and soft output. Each decoder is measured
with and without noise whitening �lter. In accordancewith the Matlab
simulations in Fig. 3.7, the spheredecoder is shown to bemuch moresensitive
on transmit noise.
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Figure 3.7: Simulation comparisonof the detectionperformancewith 27.5dB
transmit noiseand without transmit noise.

Real-time testb ed detection performance Fig. 3.9showsthe detection
performancemeasuredon the real-time testbedbetweenspheredecoding and
SIC for di�erent modulation schemes.This measurement wascarried out on
the TGn-C channel model using the channel emulator. The measurement
setup and the MAC layer werecon�gured such that 1000frameswere trans-
mitted for each channelrealization. In total, 200di�erent channelrealizations
wereused. The output power of the channel emulator wasswept in order to
get di�erent SNR values. It can be observed, that spheredecoding clearly
performsbetter than SIC detection. Furthermore, 64-QAM modulation does
not achieve acceptableFER performance.It is presumed,that this is mostly
due to the analog-to-digital conversion(ADC) and digital-to-analog conver-
sion (DAC). The ADC and DAC are only 10 bits wide. In order to be able
to transmit 64-QAM with a 10-bit ADC, automatic gain control needsto be
very accurate. The necessarynumber of bits in the ADC and more accurate
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algorithms for the AGC in order to optimally control the received signalneed
to be further evaluated.
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Figure 3.9: Comparisonof SIC and spheredecoding on the real-time testbed.
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3.2.5 Over-the-Air Measuremen ts

For over-the-air measurements, the channel emulator of the previous setup
is replaced by antennas. The measurements are carried out in an o�ce
environment by sweepingthe transmit power.

Fig. 3.10shows a 4� 4 MIMO transmissionwith a rate 3=4 convolutional
code and comparesit to a 2� 2 MIMO transmission. It can be seenthat the
MIMO gain could be exploited in this channel.

�5 0 5 10 15 20

10
�4

10
�3

10
�2

10
�1

Tx power [dBm]

B
E

R

2x2 MIMO 16�QAM
4x4 MIMO QPSK

Scenario Comparing di�erent MIMO schemesat the same
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tector

Figure 3.10: Over-the-air measurement results

Multi-User MIMO

The following MU-MIMO setup is measuredhere: Two userssendsimulta-
neouslyto onebasestation. The two usershave a commonclock sourceand
cansynchronize the start of their transmissionby a cable(cf. Fig. 2.6). This
ensuresthat there is only one frequencyo�set betweenusersand basesta-
tion, which can be compensatedat the basestation. The two userstransmit
with two antennaseach and four antennasare required at the receiver.
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Figure 3.11: MU-MIMO measurement over the air

This setup is comparedto a time division multiple access(TDMA) 2� 4
scheme, where the two usersare transmitting alternately. To achieve the
samedata rate, the collision-basedand the TDMA schemesare operated
with QPSK and 16-QAM, respectively.

The measurements in Fig. 3.11 show that the collision-basedapproach
achievesa smallerBER and thus a higher throughput is possible.The trans-
mit power was normalizedacrossthe entire system, i.e., the simultaneously
transmitting userscan send at only half the power of TDMA users. The
better performanceof the collision-basedup-link stemsfrom the MIMO gain
achieved by doubling the number of transmit antennas.

3.3 Testb ed Limitations

The measurements carried out on the o�-line and real-time testbed revealed
imperfectionsin the testbed implementation and in the acquisition of mea-
surement results. In this section,we try to distinguish betweenfundamental
limitations of the testbed and of implementation imperfectionsthat are solv-
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Figure 3.12: Illustration of the EVM measurement setup

able by e.g. using a di�erent algorithm. Furthermore, measurement issues
are identi�ed.

3.3.1 Fundamen tal Limitations of the Testb ed

RF impairmen ts As already discussedin the measurement section, one
fundamental limitation found on the testbed is transmit noise. The error
vector magnitude (EVM) of the transmit path is a useful meansto charac-
terize the limitations of a wirelesstransmitter due to I/Q-im balance,phase
noiseand non-linearities. The EVM was determinedwith the measurement
setup shown in Fig. 3.12. One RF transceiver operating as transmitter is
directly connectedby an RF cable to another RF transceiver con�gured as
receiver. The two RF transceiver boards were attached to the samebase-
board, henceto the sameoscillator. This implies that the frequencyo�set
is zeroand frequencyo�set estimation can be turned o� as well as the pilot
tracker. Furthermore, the timing o�set canalsobeset to a constant value,as
it always takesthe sametime from transmitting a frame until it is received.
With thesesettings,we have lockedall synchronization parametersand avoid
a degradationof the EVM measurement by synchronization issues.

There are two more tasks in a wirelessreceiver the are basedon esti-
mation parametersand can be �xed for the transmit EVM determination:
automatic gain control (AGC) and channelestimation. For the measurement
of the transmit EVM, the LNA and the VGA in the receive path of the RF
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Figure 3.13: MeasuredEVM for di�erent transmit power levels

transceiver chip weremanually adjustedto the optimal setting for each trans-
mit power level. To avoid any in
uence of channel estimation errors in the
receiver, the cablechannel in the EVM measurement scenariowas averaged
over 30 OFDM training symbols. This averagedchannel was usedas refer-
encefor the EVM measurement. A ZF receiver detects the received signal
and the EVM is computed. The computed EVM is shown in Fig. 3.13 for
di�erent transmit power levels. In this measurement, 20 OFDM frameswith
20 OFDM data symbols where transmitted for each power setting. QPSK
wasusedasmodulation scheme. It can be observed that the EVM degrades
slightly with increasingtransmit power.

Another impairment observed while analyzingthe EVM measurement re-
sults, wasan increaseof the averagepower of the receivedconstellationpoints
with time, within the sameframe. Fig. 3.14shows the absolutevalue of the
symbol estimate after ZF detection. A clear trend towards more power is
observable. The main reasonfor this e�ect is not yet completelyunderstood.
A devicein the RF chain, either on the transmit path or in the receive path,
seemsto steadily increasethe transmit power or the ampli�cation in the re-
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ceiver with time during the duration of a frame. Heating might be a possible
cause.
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Figure 3.14: Absolute value of the symbol estimate ŷ over time.

3.3.2 Algorithm and Implemen tation Imp erfections

With a transmit EVM of around 25dB, the transmissionof 64-QAM con-
stellation points is possibleas can be seenin Fig. 3.15. However, the imple-
mented synchronization and estimation algorithms introducefurther distor-
tions and degradethe �nal error rate performance.

Measurements carried out on the o�ine testbed and on the real-time
testbed showed that the transmissionof 64-QAM modulation is not reliably
possible. The frame error rate is above 90% even for a diagonal channel.
The main reasonare estimation errors for the frequencyo�set, timing o�set,
pilot tracking, and the channel. Furthermore, suboptimal adjustment of the
AGC can leadto additional performanceloss. Theseimpairments areshortly
explained in the following. The impact of these estimation errors can be
reducedby implementing more advancedalgorithms and further analyzethe
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complexity-performancetrade-o�s. This needsa good understanding of all
involved parameterssuch as RF impairments, digital-to-analog conversion,
estimation algorithms, and the like.

Channel Estimation The frame structure of the MASCOT MU-MIMO
systemprovidesonly oneOFDM training symbol for each spatial streamand
the real-time testbed employs only a simple per-tone channel estimation al-
gorithm. As a result, no processinggain is available for channel estimation,
resulting in a performanceloss of at least 3dB comparedto perfect chan-
nel state information. Better performancecan be achieved by using more
advancedinterpolation-basedchannel estimation algorithms such as the one
described in [9]. While thesealgorithms have already beenimplemented for
the ETH MIMO testbed they were not used in the MASCOT testbed due
to resourcelimitations and a lack of time to resolve theselimitations within
the project.

Timing Synchronization, Frequency O�set Estimation and Pilot
Tracking As each terminal is equipped with its own oscillator, each ter-
minal runs at a slightly di�erent clock frequency. To compensatefor the dif-
ferent clock frequencies,the frequencyo�set needsto be compensated.The
implemented algorithm for timing and frequencyo�set estimation is based
on [17] and is described in detail in [16]. Accurate estimation of frequency
o�set and timing o�set is indispensablefor the transmission of high-order
modulation schemesand better performing algorithms and a �ne-tuning of
the phasetracking algorithms implemented in the testbed are expected to
resolve part of the non-fundamental performanceissuesof the present im-
plementation. Corresponding considerationsare part of ongoing work, but
could not be completedwithin the duration of the project.

Automatic Gain Con trol The task of an automatic gain control (AGC)
unit is the adjustment of the ampli�ers in the RF receive path to optimally
adapt the signal to the dynamic range of the RF components and of the
analog-to-digital converter. The di�cult y of the AGC is to amplify the in-
put signal as much as possible,but without clipping it. The large peak-to-
averagepower ratio (PAPR) of OFDM signalsneedsto be consideredand an
optimum back-o� needsto be found for the particular RF. The present AGC
implementation handlesthis task reasonablywell, but additional �ne-tuning
would be possibleto achieve a slightly better received SNR.
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3.3.3 Measuremen t Issues

In order to obtain signi�cant measurement results, all involved devicesneed
to be well understood. This starts with the FPGAs, the con�guration of the
RF chain, the RF chain itself and ends with the channel emulator. Espe-
cially the channelemulator, which is essential to obtain reproducible results,
contains many con�guration options.

Measuremen ts with Channel Em ulation The channel emulator is an
ideal tool to perform measurements in a well controlled environment. Un-
fortunately, the RF channel emulator also is a sourceof non-negligibledis-
tortions, sinceit adds two RF chains (transmit and receive) to the e�ective
channel. For the particular deviceusedfor this project, it is known that the
output SNR is limited to below 30dBand that the output signalcontains sig-
ni�can t carrier feed-throughwhich cansaturate the RF chain of the receiver.
For the reported measurements, signi�cant e�ort wasspent on �ne-tuning of
the parametersof the channelemulator to ensureminimal impact. Neverthe-
less,in the high-SNR regimethe additional distortions from the RF channel
emulation do have a non-negligibleimpact on the outcomeof the measure-
ments. With more time available for the project, further optimizations and
calibration of the emulator would have enabledpartial mitigation of these
limitations.

Over-the-Air Measuremen ts Interference form other devicescommu-
nicating in the 2.4 GHz ISM band disturb the measurements. This leads
to corrupt frames or wrong synchronization in the receiver and dominates
the error performancein the high SNR regime. This e�ect is illustrated in
Fig. 3.16 by comparing the samemeasurement carried out during the day
and at night. The implementation of an interferenceavoidancemechanism
would reducethe impact of interferenceon the error performance.
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Scenario Performance comparison between measurements
taken during the day (heavy wirelessinterference)
and at night (only little wirelessinterference).

Channel Air (o�ce environment)
Measurement setup Real-timetestbed, rate 1/2 coded,spheredecoding

Figure 3.16: Comparisonof spheredecoding during the day and at night.



Chapter 4

Conclusion

This report presented three major contributions derived from the ETHZ
testbed activities during the last year of the MASCOT project.

First, the hardwareand softwaresetupof the ETHZ MIMO-OFDM o�ine
testbed and its operating principle have beendescribed. The o�ine testbed
represents a convenient solution for experimenting with new ideasand algo-
rithms, while still incorporating real-world wirelesssignalpropagatione�ects.
All signal processingtasks are performedin Matlab with 
oating-p oint pre-
cision. Only the completely preparedtime-domain transmit signalsare sent
to the hardware and transmitted over the air or acrossthe channel emula-
tor. At the receiving side, the received time-domain signalsare �rst stored
in a hardware bu�er in real-time and { after completereception { are read
out from Matlab. All receive signal processingis then carried out in Mat-
lab. The o�ine testbed can be usedfor both, point-to-p oint and multi-user
experiments.

Second,the testbed integration of a sorted QR decomposition (SQRD)
ASIC and the implementation of QR-basedSIC detection and spherede-
coding in the real-time testbed have beendescribed. The challengesof the
testbed deployment of the SQRD ASIC have beenaddressed,as well as the
architectural aspects and systemrequirements of the QR-basedMIMO de-
tection blocks. The integration of QR-basedMIMO preprocessingin the
real-time testbed allows for comparingdi�erent MIMO detection schemesin
a real-time environment with real-world signal propagation. Furthermore,
the implementation aspectsfor simultaneousmulti-user MIMO up-link com-
munication have beendescribed, as well as the corresponding implemented
hardware extensionsfor the real-time testbed.

Third, several measurement results acquired from both, o�ine testbed
and real-time testbed, have been presented. The measurement results are
in accordancewith theoretical �ndings. Unfortunately, the spheredecoding
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Figure 4.1: Multi-user down-link.

algorithm seemsto be very sensitive on systematic transmit-side signaling
impairments. These impairments can be modeled as transmit noise in the
MIMO systemequation. In the presenceof transmit noise,the detectionper-
formanceof the spheredecoder degradessigni�cantly. This e�ect observed
in the real-time and the o�ine testbeds has been con�rmed by dedicated
Matlab simulations. Essentially , we becameaware of the importance of the
commonly neglectedtransmit noise through real-world performanceassess-
ment of the spheredecoder in the ETHZ real-time testbed.

The measurements and the characterization of the RF boards also re-
vealed the importance of the synchronization and estimation algorithms in
MIMO-OFDM communication. Without accurateestimation of the synchro-
nization parametersand the channel, the e�ort for implementing maximum
likelihood detection does not pay o� sinceerror rate performanceis domi-
nated by the parameterestimation algorithms.

4.1 Outlo ok

Future investigations focus on obtaining more insight into the RF impair-
ments observed on the testbed. This starts with the measurement of the
transmit EVM and the identi�cation of the limitations of the employed RF
chain. Afterwards, the impact of each estimation algorithm and its limitation
can be described. Further results obtained during this project will also be
incorporated in future publications. The testbed will also be demonstrated
at the ISCAS 2009conferencein Taipei, Taiwan.

In this report, the up-link of a MU-MIMO communication system has
been investigated. The next step is to consideralso the multi-user down-
link. Based on the vector perturbation precoding algorithm described in
[14], the implementation of vector perturbation-basedprecoding is planned
for the o�ine testbed. In this scenario,the accesspoint has four antennas
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and transmits simultaneously to up to four clients, each having only one
antenna (cf. Fig. 4.1). In this setup, all of the computational complexity is
concentrated at the accesspoint while the clients' complexity is kept small,
provided that the channel is known to the accesspoint. Thus, the main
challengeis to acquire channel state information at the transmitter, either
through feedback or using channel reciprocity.

Further testbeddevelopments will focuson relaying applications. For this
purpose,a redesignof the FPGA base-board is in progressaiming at a higher
number of single-antenna nodes.
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