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Abstract:

This deliverable reports on the advances of the multi-usetMU) MIMO testbed

during the last year of the EU FP6 MASCOT research project. Tl rst part

of this report describes the high-level architecture and @pating principle of
the oine MU-MIMO testbed. The second part is dedicated to the real-time
testbed and its extension towards QR-based MU-MIMO deteain. The exten-
sions include the successful testbed integration of a QR dmsposition ASIC
for MIMO preprocessing, the implementation of QR-based MIKd detection
schemes such as successive interference cancellation 2@ sphere decoding
and the addition of provisions for enabling MU-MIMO commurgation. Finally,

measurement results of both testbeds are presented. MIMOiga and multi-user
aspects are demonstrated and measurements of the real-tinestbed concern-
ing the implemented extensions for QR-based MIMO detectiacomplete this report.
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Executive Summary

The aim of Task 2.3 of the MASCOT project is the developmentesting, and
demonstration of multi-user (MU) MIMO algorithms on a realtime FPGA-
based testbed. This deliverable reports on the nal setup,apabilities and
results of the MU-MIMO testbed developed within the MASCOT poject
and demonstrated live at the second ETHZ open house event oelffuary
13, 2009.

The rst part of the report focuses on the ETHZ MIMO-OFDM oin e
testbed, which constitutes a convenient solution for expenenting with new
signal processing algorithms and ideas in a oating-pointoftware environ-
ment, while still incorporating all real-world wireless ginal propagation ef-
fects.

The second part of this deliverable is devoted to the latesixeensions of
the real-time MIMO-OFDM testbed. The extensions include tle successful
testbed integration of a QR decomposition ASIC for MIMO prepocessing,
the implementation of QR-based MIMO detection schemes su@s succes-
sive interference cancellation (SIC) and sphere decodirayd the addition of
provisions for enabling MU-MIMO communication. Furthermae, the system
requirements and implementation aspects for MU-MIMO commmication are
outlined and discussed. Finally, measurement results of thotestbeds are
presented. MIMO gains and multi-user aspects are demonsted using the
o ine testbed. The measurements involve dierent detectiom and coding
schemes and speci ¢ multi-user aspects. The correspondingeasurement
results are presented and discussed. The individual measaorents have ei-
ther been carried out directly over the air, or by using a charel emulator
allowing for application of well-de ned channels and contl of interference.
Transmit noise was identi ed as a serious impairment for thephere decoder
and a solution using a whitening lter is presented.



Chapter 1

O ine Testbed Description

The motivation for developing the o ine testbed was to have aexible and

easy-to-use prototyping platform, where di erent MU-MIMO algorithms can
quickly be assessed over real world channels under reatistonditions (in-
cluding RF impairments and alike). This is achieved by cariiyg out most of
the signal processing tasks o ine in a high-level computingnvironment such
as Matlab for example and where only the time-domain basebadsignals are
written to the hardware, transmitted and read back.

1.1 Hardware Overview

The oine testbed consists of a BAT board containing aXilinx Virtex 4
FPGA and up to four attached Wing boards. Each Wing board inaldes
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 th&PGA and
can be accessed from the PC through a USB interface. On the P& cus-
tomized software framework in Matlab for user interaction ad o ine MIMO
processing is available.

Fig. 1.1 shows a high-level block diagram of one stream of the oine
testbed. Only functions which can not be realized o ine becase of tight
timing restrictions, are implemented as hardware blocks othe FPGA. In
total four streams are available on each MIMO testbed termad. Data to be
sent is transferred to the transmit bu er and read out when atansmission is
initiated. In receive mode, the frame start detector trigges the start signal
for the receive bu er based on the received signal strengthdication (RSSI)
signal, which activates the receive bu er to record the inaning data.

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

5
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Figure 1.1: Overview of a single stream including loop backd bypass paths
for calibration purposes and hardware integrity tests.
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baseband signal for optimal analog-to-digital conversionThis is done by
controlling the gains of an low noise ampli er (LNA) and a varable gain
ampli er (VGA) located on the transceiver chip. Again, the RSSI signal is
used as a power indicator.

1.2 Operating Principle

The o ine testbed has been designed such that each of the fostreams can
be used as transmit or receive chain individually. With thisarchitecture, each
terminal can be con gured for di erent transmission scendos (see Fig.1.2):

Intra-board communication Data transmission from one RF chain to an-
other RF chain on the same board is a helpful feature for runmg in-
tegrity tests over the air and to examine the con guration ofthe RF
transceiver chip as well as the automatic gain control (AGCand frame
start detection.

Inter-board communication Data transmission between selected anten-
nas on one board to another board. For instance, one board che
con gured as user in transmit mode and the other as base-stah in
receive mode. This enables MU scenarios with up to four users the
same testbed terminal.

Multi-user communication Two boards can simultaneously transmit data
to a third board, acting as a base-station. In this mode, thewio users
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Figure 1.2: Intra-board communication versus inter-boardommunication

share a common clock source to avoid any frequency o set. Anldi-
tional cable between those two boards allows to synchronitee start
time of the transmission (for more informations see Seg.2).

1.3 Hardware Integrity 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  can be used for the veri cation purposes of the dig-
ital signal processing tasks in the o ine testbed as well aithe real-
time testbed. The up- and downsampling blocks can be bypasse

ADC loop-back test includes the ADC for veri cation of the timing of the
receive path at the interface between the ADC and the FPGA.

RF transceiver loop-back test  for calibration of the ADC and transceiver
chip.
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1.4 Signal Processing

Data is transmitted using an OFDM system adapted from the 8021a stan-
dard, as it is implemented on the real-time Testbed. The o ire testbed also
uses the same frame structure as the real-time testbed indlng preambles
and trainings. The following processing steps are compléten Matlab before
the signal can be decoded:

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

Channel estimation  Each transmit antenna sends a training symbol time-
orthogonal to other transmit antennas. A frequency domain M algo-
rithm is used to determine the channel coe cients for each toe.

SNR estimation The SNR estimation is performed in the time domain.
The periodic short preamble is used to estimate the averagéeysal
power and its variance. Since one period of the preamble ipeated
several times, an estimation of the original signal can be t@ned.
Deviations of this signal are interpreted as noise and resuh a SNR
estimation.

Frequency o set estimation and compensation The frequency o set be-
tween the clocks of two boards is estimated by the phase o sketween
two identical sections of the preamble. Afterwards, the whe frame is
rotated back with the estimated frequency o set.

Tracking and compensation of residual frequency o set Each OFDM
symbol includes four pilot tones, which are used to track theesidual
frequency o set.

Di erent MIMO detectors can be chosen, such as a linear MMSEedector
or a sphere decoder3]. They compute either hard decisions or soft decision
information. A BCJR-decoder is used if a convolutional encler was applied
at the transmitter.

The whole environment is highly con gurable. The number ofransmit
and receive antennas can be set independently and spacediiniock codes
can be applied. The software determines which RF chains arahsmitting
and which are receiving and con gures them accordingly.

The support of multi-user up-link communication requires hat indepen-
det data signals are generated for each user and distributed di erent
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boards. Modulation and coding schemes can be individualljhasen for the
two users and the receiver must be able to deal with di erent wdulations
on di erent streams.

The software is controlled by a graphical user interface (@Y shown in
Fig. 1.3 A scattering plot and the estimated channel coe cients of ach
received frame is also shown. This allows to detect errorsickly and gives
a rst feedback on the quality of the link.

Figure 1.3: GUI of the O ine Testbed



Chapter 2

Real-Time Testbed Extensions

2.1 MIMO Preprocessing Extensions

2.1.1 System Model

A MIMO communication system can be modeled as
y=Hs+n (2.1)

with the Mg-dimensional received signal vectoy, the transmitted symbol
vector s is of dimensionM+, the complex-valued channel matrix denoted by
Mgr M+ dimensional matrixH, and n representing theMg dimensional ad-
ditive zero-mean i.i.d. complex Gaussian noise with vari@eN, per complex
dimension.

Applying the QR decomposition toH and multiplying by Q" leads to

9, Q"y=Rs+n (2.2)

whereQ is of dimensionMt Mg and unitary and R is of dimensionMt M+
and upper triangular.

A MIMO detector estimates the transmitted symbol vector baed on the
received signaly and the channel matrix H. The estimate 8 denotes an
estimate of the transmitted symbol vector according to the nderlying de-
tection algorithm. Finally, the estimated symbol vector$ is de-mapped to
binary-valued estimates o® as follows

b =map (8 (2.3)
by, e.g., using Gray mapping.

10
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Figure 2.1: System-level overview of the MIMO processingdak in the re-
ceiver consisting of a QRD-based MIMO preprocessing blockdia corre-
sponding MIMO detection unit.

2.1.2 System-Level Overview

A system-level overview of the restructured and extended MO processing
block in the receiver part of the MASCOT real-time 4 4 MIMO-OFDM
testbed is shown in Fig.2.1 The redesigned MIMO processing block consists
of a preprocessing unit which performs the QR decompositiq@QRD) and

a QRD-based MIMO detection unit. The QRD-based MIMO preproessing
allows for a variety of MIMO detection schemes ranging fronirlear detection
to advanced detection methods, such as the sphere decoder,dxample.

The MIMO preprocessing unit computes theminimum mean squared er-
ror sorted QR decompositioMMSE-SQRD) of the complex-valued channel
matrix H and passes the result, i.e., the unitary matrixQ" and the upper-
right triangular matrix R, to the corresponding detection blocks. The input
data for the MIMO preprocessing unit, i.e., the channel maix H and the
standard deviation , of the noiseN,, are estimated in dedicated channel
and noise estimation blocks, respectively.

Upon frame reception, the training data from the frame headeare rst
processed by the channel and noise estimation blocks. Théreated channel
matrix H and the noise term |, are then passed to the MIMO preprocessing
unit, which performs the MMSE-SQRD ofH. Once the MIMO preprocess-
ing unit has completed its computation, the received (and bared) symbol
vectory is processed by pre-multiplyingQ", i.e., the hermitian-transpose of
Q. The resulting vectory = Q"y is then passed to the MIMO detection
block. Finally, the detected bitsb are handed over to the channel decoder
in order to compute estimates of the transmitted bits.
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2.1.3 MIMO Preprocessing Architecture

The architecture of the MMSE-SQRD-based MIMO preprocessinblock is
depicted in Fig.2.2, showing the top-level block diagram of a combined
FPGA-ASIC realization. The entire MIMO preprocessing blok consists of
three major parts:

First, the entity MIMO Preprocessing Topprovides the system-level in-
terconnection to the MIMO physical (PHY) layer. As primary input, it re-
trieves the estimated channel matrices from the channel @siation block in
the MIMO receiver { once the training data has been succes#ifuprocessed
after frame reception. The xed-point data of the channel @gnation is prop-
erly pre-scaled and passed upward to the next major block byr¢ Channel
Estimation Memory Read units. Next to the memory read units, the QR-
decomposed data is retrieved from the upper block by thEQRD Memory
Write units. The retrieved SQRD data is post-scaled and individuky writ-
ten to the preprocessing memories, namely théon g, Q and R memories.
During the memory write sequence, a speci ¢ memory addresghslation
scheme is applied in order to optimize the arrangement of ttfQRD data in
the preprocessing memories for the subsequent MIMO detemtiprocess. As
primary outputs of the MIMO preprocessing top-level blocka dual-channel
memory interface to the MIMO detection unit provides su cient memory
bandwidth for the detection process.

The second major block, i.e., the FPGA-ASIC interface topelvel depicted
as entity SQRD IF Top in Fig. 2.2, incorporates the individual ASIC data
load and retrieval units with dedicated provisions to satiy the challenging
FPGA-ASIC interface timing. Moreover, a speci cally desiged built-in self-
test (BIST) checks and ensures the integrity of the FPGA-AST interconnect
with respect to functionality and timing.

The third major block of the MIMO preprocessing top-level ashitecture
is constituted by the two MMSE-SQRD ASICs, designed as duabre vari-
ant of the Givens-rotations-based MMSE-SQRD architecturas published
in [10]. The employed MMSE-SQRD ASIC, which is depicted in Fig2.3
is manufactured in UMC 0.18 m 1P/6M CMOS technology and the corre-
sponding VLSI implementation results are reported inl[1]. Each core of the
ASIC is able to perform regularized (i.e., according to the MSE criterion)
or non-regularized QR decomposition, either unsorted, ofigne sorted, or
iteratively sorted. All computations are carried out in xed-point data for-
mat. The column-norm computation employs the 2-norm. Additionally,
various con gurations of number of transmitted streams anchumber of re-
ceive antennas are supported by the ASIC. The algorithmic spi cations
of the implemented MIMO preprocessing block and the correspding ASIC



WP-2 13

implementation results are summarized in Thl2.1

Figure 2.2: Top-level diagram of the MIMO preprocessing uriwhich is split
into tree major parts: PHY logic (MIMO Preprocessing Top, FPGA-ASIC
interface logic SQRD IF Top), and MMSE-SQRD ASIC processing$QRD
ASIC 1 & 2).

2.1.4 Testbed Integration of the MMSE-SQRD ASIC
Printed Circuit Board

The electrical and functional correct integration of the MMGE-SQRD ASIC
in the MASCOT real-time testbed required the design and marfacturing of a
dedicated printed circuit board (PCB) as shown in Fig2.4. The customized
PCB connects two instances of the MMSE-SQRD ASIC to one of tHePGAs
on the VAMP prototyping board [12]. Moreover, the PCB was designed
to connect two instances of a video digital-to-analog conter (DAC) to
the FPGA. These video DACs are designed for the industriatendard and
widely-used VGA interface specication and are meant to be sed in the
testbed as versatile debugging infrastructure for di erenreal-time aspects
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Figure 2.3: Chip micrograph of the MMSE-SQRD ASIC containig two
SQRD cores. The ASIC architecture is designed to support siitaneous
operation of both SQRD cores. The circuit has been integratein UMC
0.18 m 1P/6M CMOS technology.

Table 2.1: MIMO preprocessing speci cations

Algorithm Givens-rotations-based SQRD

QR decomposition non-regularized, regularized (MMSE)

Column norm computation *2-norm

Sort metrics minimum, second minimum 9]

Sort methods none, one-time, iterative

Supported con gurations Nrx2f1;2:::;49
Nrx 2f1;2;:::;49

Implementation MMSE-SQRD ASIC [10], manufactured in
UMC 0.18 m 1P/6M CMOS technology

Clock frequency designed for 152 MHZ

Core area 2 0.785mnt

Aggregated processing time per| 40 cycles, 263 ns

matrix [4 4 MMSE-SQRD]

Aggregated preprocessing 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 resource for dematration
purposes. Last but not least, the di erent integrated circits on the PCB
ask for two di erent supply voltages provided by two separat power supply
modules. The speci cations of the MMSE-SQRD ASIC PCB are sumarized
in Thl. 2.2

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

Devices 2 MMSE-SQRD ASIC [1(Q

2 Video DAC with VGA support (ADV7125)
Power supply 3.3V ASIC pad and video DAC power supply
1.8V ASIC core power supply

FPGA interface | ASIC: 2 68 I/O signals

Video DAC: 2 18 I/O signals

Figure 2.4: Custom-designed PCB for integration of the MMSESQRD ASIC
in the MASCOT real-time testbed.

System-Level Integration Challenges

The system-level architecture of the MIMO preprocessing @tk described
in Sec.2.1.3was designed for a target clock frequency of 80 MHz. The 80 MHz
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clock was chosen as reasonable compromise between aggeegateprocessing
performance and implementation feasibility with respectd 1/O interface
timing closure. But still, choosing a design frequency of 3Hz continued
to pose several technical challenges, which had rst to be@amplished before
obtaining a fully operational system.

The hand-shake protocol applied for the I/O interface betwen FPGA
and ASIC requires tight timing constraints in order to guaratee awless
operation. Using 3.3V supply voltage for the pads, the ASICds input and
output pad delay gures of approximately 1.0 ns, and the FPGAhas input
and output pad delays of 1.0 ns and 1.9 ns, respectively, afl them speci ed
for standard switching characteristics. Unfortunately, he proper implemen-
tation of the underlying hand-shake protocol speci cationasks for 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 pathexhibits an
acceptable delay of 2.5ns, in the FPGA, the incurred delay nabe signi -
cantly higher depending on the synthesis and place and roue&R) results.
The weak spot of direct input-to-output relations for practcal 1/0 realiza-
tions is exhibited when pad and interconnect delays considbly come into
account for high-speed links. Moreover, with direct inpute-output relations
for an interface protocol, there is conceptually no head-om reserved for 1/0O
timing relaxation using local clock skew tricks.

The technical challenge in obtaining post-P&R timing closte is clearly
illustrated with the following consideration: At 80 MHz clack frequency, the
clock period amounts to 12.5 ns. The direct input-to-outpupath in the ASIC
requires 2.5 ns of the interface timing budget, and twice Ors are spent for
the interconnection delay on the PCB. The aggregated FPGA phdelay asks
for another 2.9 ns of the timing budget. At the end, the remaiimg 6.1 ns must
account for the entire FPGA logic and FPGA-internal P&R delas and clock
skews. Furthermore, the electrical aspects of slew rate ¢ool and drive
strength matching must also be properly handled.

A viable solution { if not the only one { for accomplishing allmentioned
technical challenges is the strict control of the placemenprocess for the
FPGA logic in order to enforce the proper placement of critel components.
The subsequent routing process still in uences the outconw the nal de-
sign, but does not contribute signi cantly.

The MIMO preprocessing top-level architecture has conceymlly foreseen
a fall-back option with respect to timing closure: Since thentire MIMO
preprocessing block forms an isolated clock domain, it als for speci ¢ clock
speed reductions in case increased FPGA placement and rogticongestion
deteriorate the critical FPGA-ASIC interface timing and thus rendering the
FPGA system-level timing closure with the target clock spekimpossible.
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There exist two clock domain boundaries relevant for the MIK® prepro-
cessing top-level: The rst one resides in the channel estation memory
located inside the channel estimation block depicted in Fi@.1, the second
one crosses the preprocessing memories located at the otitpide of the
MIMO preprocessing top-level, illustrated as dashed lineiFig. 2.2

Deployment

The practical deployment of the MIMO preprocessing block lebeen carried
out using alLeCroy WaveRunner 204 MXioscilloscope in combination with
a LeCroy MS-500 mixed-signal extension, shown in Fig2.5. This sophisti-
cated and powerful technical solution greatly alleviatedhte burden imposed
by the challenging task of achieving FPGA-ASIC interface thing closure at
the target clock frequency of 80 MHz.

2.1.5 MIMO Preprocessing Performance

The implemented MIMO preprocessing block employs two MMSEQRD
ASICs clocked at 80 MHz and achieves an aggregated prepreoeg through-
put of four million matrices per second. The processing tinfer 48 complex-
valued 4 4 matrices using MMSE-SQRD-based preprocessing amounts to
13.75 s. The system-level characteristics of the implemented MI® prepro-
cessing block are summarized in TbR.3.

The MIMO preprocessing block can start its operation as sooas four
subcarriers are completely estimated and available as mates in the chan-
nel estimation memory. From a system-level perspective, ithearly start
procedure allows to reduce the MIMO preprocessing latency 2.54 s. As
a result, the MMSE-SQRD-based preprocessing in the MASCOeal-time
testbed essentially introduces an e ective MIMO preproceing latency of
11.2 s.

Table 2.3: System-level speci cations of MIMO preprocessj

Algorithm 4 4 MMSE-SQRD
Implementation 2 MMSE-SQRD ASIC [10]
Clock frequency 80 MHz

Aggregated preprocessing throughput 4M SQRD/s
[4 4 MMSE-SQRD]
E ective system-level preprocessing 11.2 s
latency (48 complex-valued 4 4 matrices)
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Figure 2.5: Workspace showing théeCroy WaveRunner 204 MXi oscillo-
scope and thd_.eCroy MS-500 mixed-signal extension for assessing electrical
and timing aspects of the FPGA-ASIC interface during systerevel deploy-
ment of the MIMO preprocessing block.
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2.2 MU-MIMO Implementation Aspects

The implementation of MU-MIMO communication di ers in sevaal aspects
compared to single-user MIMO communicationg]. It also has to be distin-
guished between the up-link or multiple access channel anldet down-link or
the broadcast channel as the challenges and requirementstfte two scenar-
ios di er.

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

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

The receiving base station must be able to handle simultanesly trans-
mitted signal elds containing modulation scheme and framdength
from each user.

The receiving base station must be able to simultaneously mopute and
check the CRC of each user's data stream.

All users need to be synchronized such that their signal avgs at the
same time at the base station.

The frequency o set and sampling rate o set must be compengzd in
the transmit path as the base station is not able to compensadi erent
frequency o sets in the receive path.

The PHY layer in the base station must signal all simultanecagly re-
ceived frames to the MAC layer.

To follow the paradigma \high-complexity in the base-statbn, low-
complexity in the user terminals”, more involved detectioralgorithms
for the base station need to be implemented (e.g. ML-deteoti) and
evaluated.

MU-MIMO Con guration Additional con guration registers were added
to the PHY layer and additional logic was necessary to be abte select on

how many streams and on which streams data are transmitted.hE following

PHY layer blocks need to be con gured:

Interleaving over antennas needs to be turned o .
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The transmit bu er (PHY-MAC layer interface) must be con gured
such that data are only transmitted on the selected streamsi-or ex-
ample, one user needs to transmit on stream 1 and stream 2, \ehthe
other user transmits on stream 3 and stream 4. This is necepgdo
assure that the MIMO training is received in the correct way.

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

The receive bu er needs to be con gured such that it knows, whbh
receive stream belongs to which user. This is necessary tonpute the
cyclic redundancy check (CRC) of each user and signal the udts to
the MAC layer.

User Synchronization and Frequency-O set Compensation In gen-
eral, the carrier frequency of each user di ers slightly, asach user is equipped
with an own local oscillator. In a collision-based up-link&nario, frequency
o set estimation and compensation becomes more challengirand di ers
from the single-user scenario. In a single-user scenaribgtfrequency o -
set between transmitter and receiver is estimated and compsated in the
receiver. However, in a MU up-link scenario, there are seatrusers with
di erent local oscillators transmitting at the same time. Therefore, estima-
tion and compensation of all frequency o sets in the receivdoecomes more
challenging or even impossible as a superposition of the misamitted signal is
observed. One solution to counter this problem is to estimatthe frequency
o set in the receiver and compensate the frequency o set bafe the signal
is actually transmitted. However, this approach requires aajor redesign of
the synchronization block in the real-time testbed. Therefre and in order
to keep complexity manageable, we decided to attach all useto a common
clock generator. Thus, the frequency o set and sampling rato set between
the users and the base station is the same for all users. Thetig is shown
in Fig. 2.6.

To realize simultaneous up-link communication, all users ust transmit
within a certain time interval, such that the multi-path pro pagation from
each user reaches the base station within the guard interval'his synchro-
nization is a di cult task and the authors in [ 13] state that timing synchro-
nization represents the most challenging task in multimediwireless scenar-
ios, especially true, in a completely asynchronous up-lintkansmission. In
the real-time testbed, this is solved by having a counter inhe transmitter of
each user that starts counting, when a new frame is receiveai the base
station. In the meantime, the MAC layer is processing the reived frame
and prepares the response. Once the counter has expired, fh@mes are
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Figure 2.6: Transmitter synchronization

transmitted.

2.3 Extensions for MU-MIMO Detection

A MU-MIMO detector diers from a single-user detector that it must be
capable to process di erent modulation schemes on di erenstreams used
by each user. So far, the Riccati-based MMSE detector used time MIMO

testbed was only able to process the same modulation schemedll streams.
Recently, a successive interference cancellation (SIC)teletor and a sphere
decoder (SD) were implemented and added to the testbed. Thed detectors
are designed to process di erent modulation schemes on eatheam. In the
following, the FPGA implementation of the two detectors as wil as the
integration into the entire system will be explained.

2.3.1 Constellation-Point Normalization

The implementation of a MIMO detector being able to processi @rent mod-
ulation schemes on each stream introduces additional contption complex-
ity. As the constellation points of each modulation schemera chosen such
that the average transmit power equals one, the decision iegs need to be
adjusted in the receiver according to the used modulation lsgme on each
stream. To avoid this additional e ort in the timing-critic al detection pro-
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cess, it is advantageous, if each modulation scheme is a silad the highest
order modulation scheme, i.e., if the following relation Hds:

Ogpsk O ogpsk O 16.0am O 6sa.0am (2.4)

To fulll ( 2.4), the constellation points of QPSK and 16-QAM have to be
scaled such that they are a subset of the 64-QAM constellatigpoints. Fur-
thermore, the 64-QAM constellation points are scaled to fabnto the grid
of Gaussian integers, i.e.0gs.0am = f 1 i; 3 3i; :::92 (CZ). For
BPSK, an elegant solution is to scale and rotate the BPSK cotadlation
points onto the QPSK constellation set. The rotation angles 45 degrees,
which can be implemented e ciently in hardware by interchaming real and
imaginary part and taking care of the signs. The scaling andtating process
of constellation points can be described in the following ffim:

s= CBs (2.5)

whereB is a real-valued diagonal matrix containing the scale facte for each
stream andC is a complex-valued diagonal matrix containing the appropr
ate rotation values. Note that this transformation needs tocompensated
according to:

¢¥=RB !C !s+n (2.6)

SinceC ! rotates columns ofR, the diagonal elements oRB !C ! are no
longer guaranteed to be real-valued and positive. To maintathis important
property, the received vector can be multiplied by the rotabn matrix C such
that

Cy=CRB !C !s+Cn (2.7)

and CRB C != R has real-valued non-negative entries on the diagonal.

The entries of B and C depend only on the modulation schemes being
used on each stream. ThereforgQ" = CQ" and R can be computed in
the preprocessing stage. Since botlg and C are diagonal matrices, each
element of@" and R is computed according to

Qf = GiQl'y B =1;2:My (2.8)
Cii -
Ri = ——R;: 1] =1:2,::::M 2.9
ij ij Bjj ij J T ( )
The latency introduced by this additional preprocessing sp in the current
architecture is negligible (i.e., 6 clock cycles, 75 ns), bsimpli es the imple-
mentation of a MIMO detector signi cantly and enables to praess di erent
modulation schemes on di erent streams.
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2.3.2 Successive Interference Cancellation (SIC)

The input-output relation in ( 2.2) can be formulated according to
)&
%= Rijj s + N (2.10)
i=]j
with R; being theij th element of R. Successive interference cancellation
(SIC), also known as decision feedback equalization (DFEB)erforms
P
Y i Ri §
R = ' 2.11
. = (2.12)
§ Q%)) fori=Mr;Mt 1;:::5 L (2.12)
The function Q( ) describes the slicing operation that chooses the consgell
tion point %; closest tox}. In the hardware implementation, the division by

Rii can be avoided by taking it into the slicing operation. The ST iteration
now becomes

W
Ri® = % Rij § (2.13)
j=i+l
§ = Q(Rji;Rji%) fori=Ms;Mr 100551 (2.14)
The slicing operation can also be formulated as a minimizat problem:
N
& =argminjh R;sj? whereh =%, Rj§: (2.15)
si 20

j=i+l

SIC Architecture The main task of the SIC detector is to computeZ.15
and return the constellation point, that minimizes €.195. In (2.15, it can
be observed that the termly is the same for all possibles; at iteration step

i. Therefore, this term can be computed in advance. The parligistance
unit (PDU) shown in Fig. 2.7 computesh and is responsible for the closest
constellation point. The closest symbol is found by checkgna nite set of de-
cision boundaries consisting of multiples dR;. By exploiting the symmetry
of the constellation points, this task can be implemented Wi 6 comparators
(3 for each dimension).

Fig. 2.7 shows the high-level block diagram of the implemented SIC de
tector. To complete the entire iteration, the PDU needs to besedM times.
Afterwards, the detected symbol vector is reordered accondj to the permu-
tation matrix P delivered by the QR-decomposition and nally de-mapped
into single bits.

Implementation results of the SIC detector can be found in Tib ??.



24

MASCOT D2.3.2c

sic )
y=Q%
Detector
E )
[ 4| Partial Distance Modulation |
Unit Control
Symbol P
Reordering
S
Symbo' Modulation
Demapping

b

Figure 2.7: High-level block diagram of the SIC detector imlpmentation

2.3.3 Sphere Decoding

Sphere decoding (SD)7] can be illustrated as tree search problem, where
each branch of the tree is associated with a metric and the thsice of a node
is the sum of all branch metrics along that path. The goal of arée-search-
based detector is to nd the leaf node with the smallest Eudliean distance.

Tbl. 2.4 summarizes this analogy:

Table 2.4: Analogy between tree search and SD algorithm.

Tree-search

Sphere algorithm

layer

transmit stream |

path to node on layer;j

80) =% 841511058, ]

branch metrice 40)

5
9y TR

node distanceT;

r .
jM:Ti e g(]) = Ti+l + Wi

The SD algorithm searches the tree in a depth- rst manner. &tting
at the top of the tree, the child node with the smallest partid Euclidean
distance (PED) is computed and selected. Afterwards, the @l node with
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the smallest PED of this selected node is computed and seledt This is
continued until the rst leaf node with its associated Eucldean distance
(ED) is reached. The path to the rst leaf node also correspails to the SIC
solution.

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

T, &0 <r?

which means, that all nodes whose PED violate this constrainan be pruned.
The algorithm now continues with the next node that ful lls the sphere
constraint. Whenever the algorithm nds a leaf node with a sraller ED
than the current radius, r is replaced by this value. The algorithm continues
until either all nodes are visited or pruned.

The main properties of the SD algorithm can be summarized asltows:
Achieves maximum likelihood (ML) performance

Average search complexity is strongly reduced compared to axhaus-
tive search ML detector

Variable run-time

System Requirements In the real-time testbed, 48 data subcarriers need
to be processed within 4s. With a clock frequency of 80 MHz, this makes
6.67 clock cycles in average per sub-carrier. Simulatiorfosved that a sphere
decoder with early termination and scheduling needs abouBiclock cycles
in average to achieve acceptable BER performance. Theredpat least two
SD units need to be available on the real-time testbed.

Sphere Architecture Fig. 2.8 shows a high level block diagram of the
sphere decoder implementation. The chosen architecture 3stimes inter-
leaved pipelined, which means that 5 symbols from di erentubcarriers are
processed at the same time. This allows to run the sphere detier at the
system frequency of 80 MHz. The rst three stages are respdle for com-
puting the PED and carry out the metric enumeration one layerabove in
parallel. The forth pipeline stage carries out the additiorwith the previous
PED and the last stage is responsible for the radius check arde input
handling. Once a symbol is found, it needs to be reordered acding to the
permutation matrix computed by the QR-decomposition ASIC.
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Figure 2.8: High-level block diagram of the sphere detectanplementation.

System Level Architecture Fig. 2.9 shows the system level architecture
of the sphere decoder implementation. Two sphere cores anstantiated
to meet the throughput requirements. The two cores are fed bg common
control unit which takes a new symbol out of the FIFO bu er whenever a
sphere core has nished the computation of one MIMO symbol. He pro-
cessed symbols are stored according to their sub-carrier amother bu er.
This scheduling method is called FIFO scheduling and balaes the variable
run-time of the SD algorithm. Furthermore, the control unitis able to abort
the computation of a symbol in order to meet the real-time ragrement.
Aborted symbols get a pseudo-soft output value as described[5].

2.3.4 Implementation Results

Tbl. 2.5 summarizes the achieved implementation results and comparthe
SIC detector and the sphere decoder. The presented resultlude all in-
stantiated cores, control logic and input scheduling. It cabe observed, that
the implementation resources of SIC on the real-time testbeare about 4
times less than for sphere decoding. Performance measurateeand com-
parison between the detectors are shown in S&:2.4
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Figure 2.9: High-level block diagram of the sphere detectanplementation.

Table 2.5: Figures of merit for the SIC detector and the spherdecoder,
both including the normalization of the constellation poits implemented on
a XILINX Virtex-1l Pro VP70 FPGA with speed grade -5.

SIC Detector Sphere Decoder

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 [MHZz] 80 80




Chapter 3

Measurement Results

3.1 Setup

The measurement of point-to-point MIMO communication is doe with two
terminals, each equipped with four RF chains. One of the twoetminals
serves as transmitter, the other one as receiver. For MU-MI®I measure-
ments, three terminals are used, two of them are con gured dsmansmitters
with two antennas each, while the other terminal serves asaeiver.

The measurements can either be carried out on the o -line tdsed, where
all the signal processing is done in Matlab or on the real-tientestbed, where
everything is processed in real-time and the statistics isécked in the MAC
layer. The results presented in the following were mostly msured on the
o -line testbed. The reason is the easier setup of the measment infrastruc-
ture. Nevertheless, all measurements can also be carried oo the real-time
testbed.

Channel Emulator

In order to perform reproducible measurements and to be abte apply
channels from de ned models, a channel emulator is used. Bhemulator
can model MIMO channels up to four streams and impulse respges with
up to 12 taps. The channel emulator accepts RF signals whicheainternally
down-converted and digitized. The channel model is applied the digital
domain before the signal is mixed to RF again. In our measuremt setup, we
use a block fading TGn type C channel modeb]. The channel coe cients
are precomputed and changed after each frame (i.e., we measa block
fading scenario).

The RF chains are connected to the channel emulator by cable§he
channel emulator is controlled by the PC via the Ethernet (Ry. 3.1). This

28
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Figure 3.1: Measurement setup overview

allows to remotely change channel realizations and to sweeper a range of
output powers to measure the performance at di erent SNRs.

3.2 Results

We measure the bit error rate (BER) while sweeping the outpupower of
the channel emulator from -61 dBm to -26 dBm and average over laast 200
channel realizations. The rst plot (Fig. 3.2) shows a 4 4 MIMO transmis-
sion with a rate 1/2 convolutional code, de-mapped with a sbphere de-
coder. For each output power level, one can estimate the SNRthe receiver
and plot the BER with respect to this SNR, which is shown in Fig3.2(b). At
higher output power, the ampli ers of the channel emulator ad the receiver
may switch to stages with higher noise gures, which explaginon-continuous
behaviour of the BER curve.

3.2.1 MIMO Gains

In this section, we want to assess the bene ts of diversity,reay, and multi-
plexing gains achievable with a real-world MIMO system.

The easiest way to obtain diversity is to increase the numbeaf receive
antennas. In this case, we also bene t from an array gain, buo multiplexing
gain. The e ect of introducing one or three more receivers nabe seen in
Fig. 3.3
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Figure 3.4: BER performance for coded 22 MIMO compared to SISO

A well-known result stating that it is more e cient to use more degrees
of freedom than to pack many bits in few dimensiond f]] can be observed by
comparing 16-QAM SISO to QPSK 2 2 MIMO transmissions. Fig.3.4shows
the signi cantly better performance of the MIMO system usig a sphere
decoder. The doubled slope indicates that the diversity gacan be exploited.

3.2.2 Space-Time Block Codes
Alamouti Scheme

The STBC coding scheme introduced by Alamoutil]] allows to obtain trans-
mit diversity without increasing the decoder complexity. kg. 3.5 shows a
comparison of 2 1 Alamouti with a simple SISO system. The transmit power
is individually adjusted such that both schemes consume trgame amount
of power. The Alamouti coded signal shows better performaaavith a gain
of about 5dB compared to SISO.

It is possible, to some extend, to use the Alamouti scheme folU system
users. Each user applies the Alamouti code to its two antensaThe resulting
code is not orthogonal anymore, which renders MMSE detecticuboptimal.
Fig. 3.6 shows the BER for two users, one using QPSK and the other one
using BPSK modulation.
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The Golden code is a full-rate STBC for a 22 system B]. Unlike the Alam-
outi code, the Golden code requires an ML decoder to achiete full perfor-
mance. This is shown in Fig3.7 where a MMSE detector is compared to a
sphere decoder.

3.2.3 Transmit Noise

Transmit noise was found to be a major impairment in MIMO systms, but
has not yet obtained much attention in the literature. This roise is generated
in the RF chain of the transmitter. The system model must be aapted in
the following way to include transmit noisen; as well as receive noise, .

y =H(s+ny+ n, (3.1

As a rst approximation, n; can be modeled as zero-mean i.i.d. complex
Gaussian noisen; CN (0;1; 2)andn, CN (0;l, ?). The transmit noise
SNR of our RF chain was estimated to be around 27 dB.

In contrast to the receive noise, transmit noise is not whit@anymore at
the receiver. This leads to a signi cant performance degration of systems
that rely heavily on the white noise assumption.
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In order to mitigate the e ects of colored noise, a whiteninglter can be
used at the receiver. The received noisens= Hn;+ n, with meanEfng=0
and covariance matrix

Efnn"g= K = HH "I, (+ 1, |:

Using a Cholesky decomposition, an upper triangular matril® can be

computed such that
RTR = K:
By multiplying the channel matrix and the received vector wih the inverse
of R, we get
RM 'y= R" ‘H(s+n)+ R" 'n,
with white noise .
Rn,+ R" “n, CN (0;I):

3.2.4 Detector Comparison

Fig. 3.8 shows the Matlab frame error rate (FER) simulation results bSIC,
soft-MMSE and hard sphere decoding with and without 27.5 dBransmit
noise. It can be observed that the sphere decoder su ers sigantly from
transmit noise, while the MMSE detector is much less sensié on transmit
noise.

Fig. 3.9 shows measurements of the frame error rates of MMSE detedor
and sphere decoders with hard and soft output. Each decoder ineasured
with and without noise whitening Iter. In accordance with the Matlab
simulations in Fig. 3.8 the sphere decoder is shown to be much more sensitive
on transmit noise.

Real-time testbed detection performance Fig. 3.10shows the detec-
tion performance measured on the real-time testbed betwesphere decoding
and SIC for di erent modulation schemes. This measurementas carried out
on the TGn-C channel model using the channel emulator. The rasurement
setup and the MAC layer were con gured such that 1000 framesene trans-
mitted for each channel realization. Intotal, 200 di erentchannel realizations
were used. The output power of the channel emulator was sweptorder to
get dierent SNR values. It can be observed, that sphere dedmmg clearly
performs better than SIC detection. Furthermore, 64-QAM mdulation does
not achieve acceptable FER performance. It is presumed, thihis is mostly
due to the analog-to-digital conversion (ADC) and digitalto-analog conver-
sion (DAC). The ADC and DAC are only 10 bits wide. In order to beable
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Figure 3.8: Simulation comparison of the detection perforamce with 27.5 dB
transmit noise and without transmit noise (16-QAM, rate 1/2coded).

to transmit 64-QAM with a 10-bit ADC, automatic gain control needs to be
very accurate. The necessary number of bits in the ADC and m®accurate
algorithms for the AGC in order to optimally control the receved signal need
to be further evaluated.
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3.2.5 Over-the-Air Measurements

For over-the-air measurements, the channel emulator of therevious setup
is replaced by antennas. The measurements are carried out am o ce
environment by sweeping the transmit power.

Fig. 3.11shows a 4 4 MIMO transmission with a rate 3=4 convolutional
code and compares it to a 22 MIMO transmission. It can be seen that the
MIMO gain could be exploited in this channel.

—*— 2x2 MIMO 16-QAM
—O©— 4x4 MIMO QPSK

10"

10° F

BER

10° }

107

-5 0 5 10 15 20
Tx power [dBm]

Figure 3.11: Over-the-air measurement results (QPSK, codleMMSE detec-
tor)

Multi-User MIMO

The following MU-MIMO setup is measured here: Two users sersiimulta-
neously to one base station. The two users have a common cleckirce and
can synchronize the start of their transmission by a cablef(cFig. 2.6). This
ensures that there is only one frequency o set between useasd base sta-
tion, which can be compensated at the base station. The two s transmit
with two antennas each and four antennas are required at theceiver.

This setup is compared to a time division multiple access (TRA) 2 4
scheme, where the two users are transmitting alternately. olachieve the
same data rate, the collision-based and the TDMA schemes aoperated
with QPSK and 16-QAM, respectively.
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Figure 3.12: MU-MIMO measurement over the air (rate 1/2 codd)

The measurements in Fig3.12 show that the collision-based approach
achieves a smaller BER and thus a higher throughput is possb The trans-
mit power was normalized across the entire system, i.e., tlsmultaneously
transmitting users can send at only half the power of TDMA ugs. The
better performance of the collision-based uplink stems frothe MIMO gain
achieved by doubling the number of transmit antennas.



Chapter 4

Conclusion

This report presented three major contributions derived fsim the ETHZ
testbed activities during the last year of the MASCOT projet

First, the hardware and software setup of the ETHZ MIMO-OFDMo ine
testbed and its operating principle have been described. &ho ine testbed
represents a convenient solution for experimenting with meideas and algo-
rithms, while still incorporating real-world wireless sigal propagation e ects.
All signal processing tasks are performed in Matlab with oing-point pre-
cision. Only the completely prepared time-domain transmisignals are sent
to the hardware and transmitted over the air or across the chmel emula-
tor. At the receiving side, the received time-domain signalare rst stored
in a hardware bu er in real-time and { after complete recepton { are read
out from Matlab. All receive signal processing is then caed out in Mat-
lab. The o ine testbed can be used for both, point-to-point aaxd multi-user
experiments.

Second, the testbed integration of a sorted QR decomposiiqSQRD)
ASIC and the implementation of QR-based SIC detection and bpre de-
coding in the real-time testbed have been described. The dlemges of the
testbed deployment of the SQRD ASIC have been addressed, adlvas the
architectural aspects and system requirements of the QR-6ad MIMO de-
tection blocks. The integration of QR-based MIMO preprocesng in the
real-time testbed allows for comparing di erent MIMO detetion schemes in
a real-time environment with real-world signal propagatin. Furthermore,
the implementation aspects for simultaneous multi-user NMIO uplink com-
munication have been described, as well as the corresporglimplemented
hardware extensions for the real-time testbed.

Third, several measurement results acquired from both, one testbed
and real-time testbed, have been presented. The measuremessults are
in accordance with theoretical ndings. Unfortunately, the sphere decoding

39
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algorithm seems to be very sensitive on systematic transrstde signalling
impairments. These impairments can be modelled as transnmiise in the
MIMO system equation. In the presence of transmit noise, thdetection

performance of the sphere decoder degrades signi cantly. hi§ e ect has

been conrmed by dedicated Matlab simulations. Essentiall we became
aware of the importance of the commonly neglected transmitoise through
real-world performance assessment of the sphere decodethie ETHZ real-

time testbed.
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