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ABSTRACT

This contribution analyzes the integration of the sphere
decoder (SD) in a complete field-programmable gate
array (FPGA)-based real-time multiple input-multiple output
(MIMO) platform. The algorithm achieves the performance
of the maximum likelihood detector (MLD) with reduced
complexity. However, its non-deterministic complexity, de-
pending on the noise level and the channel conditions, hin-
ders its integration process. This paper evaluates the perfor-
mance and limitations of the SD in a real-time environment
where signal impairments, such as symbol timing, imperfect
channel estimation or quantization effects are considered.

1. INTRODUCTION

The use of multiple input-multiple output (MIMO) technol-
ogy in wireless communication systems enables high-rate
data transfers and improved link quality through the use of
multiple antennas at both transmitter and receiver [1]. It has
become a key technology to achieve the bit rates that will
be available in next-generation wireless communication sys-
tems, combining spatial multiplexing and space-time cod-
ing techniques [2]. In addition, the prototyping of those
MIMO systems has become increasingly important in re-
cent years to validate the enhancements advanced by ana-
lytical results [3], [4]. For that purpose, field-programmable
gate arrays (FPGAs), with their high level of parallelism and
embedded multipliers, represent a suitable prototyping plat-
form.

In the case of spatially multiplexed uncoded MIMO sys-
tems, the sphere decoder (SD) is widely considered the most
promising approach to obtain optimal maximum likelihood
(ML) performance with reduced complexity [5], [6]. The SD
has been previously implemented in real-time [7], [8], indi-
cating that its variable throughput could potentially represent
a problem when integrating it into a complete communica-
tion system. However, the problem of the actual integration
of the SD into a real-time MIMO system has not been ad-
dressed yet.

This paper presents a complete real-time FPGA MIMO
system where the SD has been used as the detection algo-
rithm. The SD has been integrated into the MIMO proto-
typing platform presented in [9]. Thus, the effects of real-
time transmission impairments, like imperfect symbol timing
and channel estimation or fixed-point precision, have been
included in the performance evaluation of the SD.
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2. SPHERE DECODER (SD)
2.1 MIMO System Model

The theoretical system model considered has, in the general
case, M transmit and N receive antennas, with N > M, de-
noted as M x N. The transmitted symbols are taken inde-
pendently from a quadrature amplitude modulation (QAM)
constellation of P points. Assuming symbol-synchronous re-
ceiver sampling and ideal timing, the received N-vector, us-
ing matrix notation, is given by

r=Hs+n (1)

where s = (s1, 52, ...7sM)T denotes the vector of transmitted
symbols with E[|s;|?] = 1 /M, n = (ny,ny,...,ny)7 is the vec-
tor of independent and identically distributed (i.i.d.) com-
plex Gaussian noise samples with variance 6> = Ny and
r = (r1,72,...,ry)7 is the vector of received symbols. H de-
notes the N x M channel matrix where #;; is the complex
transfer function from transmitter j to receiver i. The entries
of H are modelled as i.i.d. Rayleigh fading with E[|A;;|*] = 1
and are perfectly estimated at the receiver.

2.2 SD Algorithm

The main idea behind the SD is to reduce the computational
complexity of the maximum likelihood detector (MLD) by
searching over only those noiseless received points (defined
as Hs) that lie within a hypersphere of radius R around the re-
ceived signal r. In this paper, the complex version of the SD
is applied directly to the complex lattice A(H) = {Hs} [10].
Avoiding the more common real decomposition of the sys-
tem results in a more efficient hardware implementation [8].
The process can be represented by

81 = arg{min ||r — Hs||> < R?}. )

and is shown in Figure 1, where the dots represent the noise-
less received constellation and the cross represents the ac-
tual received point contaminated with noise. The sphere con-
straint in (2) can also be written, after matrix decomposition
and removal of constant terms, as

[U(s—9)|I> <R? 3)

where U is an M x M upper triangular matrix, with entries
denoted u;;, obtained through Cholesky decomposition of the

Gram matrix G = H”H (or, equivalently, QR decomposi-
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Figure 1: Schematic of the sphere decoder principle for the
2-dimensional case - only the points inside the circle are
searched

tion of H) and § = (H”H)~'H"r is the unconstrained ML
estimate of s [10].

The solution of the sphere constraint (SC) in (3) can be
obtained recursively using a tree search algorithm, starting
from i = M and working backwards until i = 1. For each
level, the constellation points s; that satisfy

T;
Isi—zi* < — 4)

ii

are selected as partial ML candidates, where

N u Ujj o
Zi =S8 — Z f(Sj—Sj) (5)
J=i+1 Uii
and
2 < 2 2
T=R—Y wlsj—zl. (6)
j=it1

When a new point is found inside the hypersphere (at i = 1)
the radius is updated with the new minimum Euclidean dis-
tance and the algorithm continues the search with the new
SC. This process can be seen as a tree search through M
levels where each node on each level contains P branches. If
T; <0, in any level i, the squared Euclidean distance from the
root to that node has exceeded the SC and the entire branch
plus all its descendants can be discarded, yielding a speed in-
crease compared to an exhaustive search. The search finishes
when the radius has been reduced so that no more points are
found that satisfy the SC: the last point found satisfying the
SC is the ML solution Sp,;.

In order to further reduce the complexity of the SD, the
points that satisfy (4) are searched according to increasing
distance to z;, following the Schnorr-Euchner (SE) enumera-
tion [11]. The use of this enumeration has two effects:

e On a particular node, The SE enumeration follows the
branches with lowest distance increment |s; — z;|? first in
any level i. Thus, the first points searched are more likely
to be the ML solution, reducing the overall complexity of
the search.

e Although the initial radius R is normally set according
to the noise variance per antenna o2, the use of the SE
enumeration reduces the effect the initial radius has on
the complexity of the SD. From a simulation point of
view, the initial radius still has a marginal effect on the
complexity of the SD [6]. However, in a parallel imple-
mentation of the algorithm, the initial value can be set to
the end of the scale so that no estimate of the noise level
is required at the receiver [8].

3. MIMO PROTOTYPING PLATFORM AND TOOLS

The MIMO system and algorithms described in this pa-
per have been implemented on a rapid prototyping platform
based at the University of Mondragon. This platform, whose
main features and operating modes have been previously
presented in [9], consists of the following three elements:
HERON rapid prototyping boards from Hunt Engineering
Ltd. [12], RF transceivers and software tools.

3.1 Rapid Prototyping Boards

The platform is based on modular rapid prototyping HERON
HEPC9 boards. The main advantage of those peripheral
component interconnect (PCI)-based carrier cards consists
of its very flexible architecture, based on an internal bus
which allows communication of up to 400 mega bytes per
second (MBps) between the modules. The following mod-
ules have been chosen for the implementation described in
this work:

e Two HERON-IO2V2 modules with 4 analog inputs and
4 analog outputs of up to 125 mega samples per second
(MSPS) with 12 and 14 bits of resolution, respectively.
These modules include a 1-million (M)-gate Xilinx Vir-
texII FPGA and allow real-time in-system debugging
with Xilinx Chipscope [13]. In addition, it is possible to
perform co-simulation in a MATLAB/Simulink environ-
ment for Xilinx System Generator-based designs [14].

e One HERON-IO5 module with 2 analog inputs and 2
analog outputs of up to 210 MSPS with 12 and 16 bits of
resolution, respectively. This module includes a 3M-gate
VirtexIl FPGA, which also contains a JTAG debugging
interface.

e One HERON-FPGA3 module with a 1M-gate VirtexII
FPGA.

3.2 RF Transceivers

The platform is equipped with Maxim’s MAX2827EVKit
boards, which can transmit or receive radio frequency (RF)
signals in the 2.4 and 5 GHz bands. These transceivers can
modulate and demodulate baseband 1Q signals of a band-
width of up to 20 MHz. This solution avoids the need for
an implementation of algorithms such as modulators, digi-
tal up converters, etc., in order to generate the analog sig-
nals required by a transceiver. The combination of the ana-
log ports of the aforementioned prototyping boards and these
transceivers allow the implementation of systems with up to
three transmit and receive antennas. Figure 2 shows two of
these RF transceivers with the HEPC9-based rapid prototyp-
ing platform.

3.3 Software Design and Simulation Tools

A combination of MATLAB/Simulink and Xilinx System
Generator has been selected as the main design tool to allow
co-simulation of MATLAB algorithms, simulated VHDL im-
plementations and FPGA-running blocks. This solution of-
fers a simple and intuitive GUI-based hardware design and
simulation tool for DSP algorithm engineers, achieving a bal-
ance between hardware abstraction level and real-time per-
formance.

All the algorithms mentioned in this paper have been
first tested in MATLAB and then translated to hardware
blocks using Xilinx System Generator. Once the design has
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Figure 2: Main elements of the HEPC9-based MIMO signal
processing prototyping platform.

been completed, Xilinx synthesis tools have been used to
generate the bitstreams required for the hardware-based co-
simulation, as well as the VHDL netlists for the final imple-
mentation. Xilinx Chiscope has been selected as the real-
time on-hardware debugger.

4. REAL-TIME MIMO IMPLEMENTATION

4.1 MIMO System Model and Algorithms
4.1.1 System Model

Figure 3 shows the basic 2x2 MIMO spatial multiplexing
model that has been implemented. The data bits are split into
two 16-QAM streams which are transmitted independently
and received synchronously at the two receive antennas.

A complete MATLAB-based model has been created and
adapted to Simulink. A burst frame-based transmission sys-
tem has been assumed with 128 data symbols transmitted per
antenna. In addition, a 32-symbol preamble is transmitted
per antenna to allow for effective synchronization and chan-
nel estimation to be performed at the receiver. The analog to
digital converters (ADCs)’ 12-bit resolution has been chosen
for the precision of the input signals.

4.1.2 Algorithms

The following algorithms have been implemented:

e Frame synchronization: a multi-antenna extension of the
double-sliding window technique has been applied [15].

o Sample-time synchronization: an ML approach has been
chosen according to [16].

o Frequency Offset Estimation: a reduced complexity iter-
ative offset estimation technique has been used as in [17].

o Channel Estimation: a basic training-based LS (Least-
Squares) MIMO channel estimator has been imple-
mented.

o [nverse calculation and normalized Cholesky decomposi-
tion: required by the SD for the initial zero forcing (ZF)
equalization and the tree search.

o MIMO detection: The SD algorithm described in section
2 has been implemented with System Generator and in-
cluded in the MIMO design. Details of the implementa-
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Figure 3: Structure of a basic 2x2 MIMO spatial multiplex-
ing system.

CO—wrec it ifil i i
i = MDiv Simulation Settings
E—wrec gt qfil 1
rec_qt Wil
B)—Hreci2 i fil2 - i2 system Resource
rec_i2 Generator  Estimat
@) —wrecqz q.fi2 -2 v a f
rec_g2
RC RX FRAME -
FILTERS SYNGHRONIZATION -
X _sampl
frame_sync 02_sampl o]
DOWNSAMPLING
"
rec it 51— "
Sampled OK o init Det_Init din_valid
ampled_ ale_Ini doutl+D)
recqt  ChESt1 Real e 61 1 ot
ChEst_Imag ti 1 "
ChEs@1_Real 1
2 5 12 f12
rec ChEs21_Imag hati
ChEst12_Real 12 622 22
rec_q2 ;
ChEst12_Imag 2 cholt1 -
ChEst?2_real chol12 2 dout_valid
frame_sync ChEsg2_imag o2
FINE SYNCHRONIZATION INVERSE & CHOLESKY

CHANNEL ESTIMATION CALCULATION SPHERE DECODER

Figure 4: Top-level block diagram of the implemented
MIMO receiver

tion can be found in [7] for a 4 x4 system.

e [nline MIMO channel emulator: A flat Rayleigh chan-
nel emulator has been created to allow hardware co-
simulation of the full system. This channel emulator is
based on Gaussian noise generators and channel coeffi-
cients stored in a large RAM block. This allows to test
the hardware implementation at its maximum rates with-
out breaking the flat-fading channel assumption.

4.2 High-Level Design and Hardware Co-Simulation

A fully flexible hardware co-simulation system has been im-
plemented, allowing the progressive testing of the SD algo-
rithm. The following implementation steps have been exe-
cuted in order to evaluate the effect of real-communication
impairments and quantization on the performance of the SD:

o Ideal simulation: The first simulation system, with per-
fect synchronization, known channel and no filters has
been implemented initially to validate the integration of
the SD and the 12-bit quantization error floor.

o Estimated channel, real-time calculated inverse and
Cholesky: This version has been implemented to evalu-
ate the effects of imperfect channel estimation and fixed-
point calculations when obtaining the Cholesky decom-
position and the inverse of the channel.

e Complete System: A final system has been implemented
with all the algorithms required to interface with the real
RF transceiver signals or the hardware-emulated channel.

Figure 4 shows the top-level block diagram of the MIMO
receiver implemented with System Generator.
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Figure 5: Structure of a 2x2 real-time MIMO implementa- Total Used 926 16,556 67.0%
tion on the HERON modules of the HEPC9 board. Total Available 216 24.696

4.3 Final Real-Time Implementation

Figure 5 shows a diagram of the HEPC9 implementation of
the 2x2 MIMO system with the distribution of the signal
processing algorithms through the Heron modules available.
The resource use has been distributed among four FPGA
modules, which are connected through HEPC9’s data bus.
All the data flow of the real-time system is controlled through
the PCI bus by a C++ application running on a host PC. Al-
though the system can run at a higher symbol rate, we have
reduced it to 100 kilo symbols per second (ksps) to allow for
the flat-fading channel assumption of (1) to be valid with real
transmission. Higher symbol rates can still be tested on the
platform with the inline channel emulator.

5. RESULTS

Table 1 shows the FPGA resources of the complete MIMO
system using 16-QAM modulation. For clarity purposes,
only the number of multipliers and slices are shown. They
are compared against the total number of multipliers and
slices available on the HEPC9 boards. The three main blocks
of the receiver are also shown to indicate the distribution of
the resources. The calculation of the inverse of the chan-
nel matrix and the Cholesky decomposition of the Gram ma-
trix are the most computationally intensive tasks. It should
be noted that those two operations have not been optimized
from an implementation point of view given that the focus
of this work was on the integration of the SD in a MIMO
system. The implementation of the SD requires a relatively
small FPGA area, indicating that several SDs could be imple-
mented in parallel on the same prototyping platform. The al-
gorithm named *’Comm. & Control’ corresponds to the logic
required for the inter-module data communication and the
PCl-based control of the real-time execution flow.

The bit error ratio (BER) performance as a function of
the signal to noise ratio (SNR) per bit of the different ver-
sions of the system is shown in Figure 6. The results have
been measured using the FPGA-based channel emulator, av-
eraging over 5,000 channel realizations. Five curves, rep-
resenting the different implementation stages are shown, to-
gether with the floating-point MATLAB version of the SD.
It can be seen how the quantization process causes an error
floor to appear at high SNR, which is larger when 12 bits
are used for the input data instead of the initial 16 bits (con-
sidering ideal channel estimation and floating-point matrix
calculations in both cases). The BER performance addition-
ally degrades when the channel estimation block is added and
fixed-point inverse and Cholesky calculations are performed.

Table 1: FPGA Resources used by the final real-time imple-
mentation.
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Figure 6: BER of the SD at different implementation stages

Finally, the last curve represents the BER performance of the
complete system when transmit and receive filters are added.
It can be seen how the quantization process and the effect it
has on the channel estimation and the matrix calculations are
the main factors determining the BER performance degrada-
tion compared to an ideal system.

Figure 7 shows the throughput of the SD for the afore-
mentioned implementation levels. The throughput in mega
bits per second (Mbps) is calculated according to

Qan = M'logZP'fclock/Cavg (Mbps) (7)

where f.j,cx 1S the clock frequency of the system in MHz and
Cayg is the average number of clock cycles required to detect
a MIMO symbol. The maximum clock frequency of the SD,
Jeiock = SOMHz, has been considered for the calculations al-
though real transmission has been performed at a lower fre-
quency. The minimum number of cycles is C,,;, = 13 result-
ing in a maximum throughput Q,,,, = 30.77 Mbps. It can be
seen how the 16-bit implementation of the SD approximates
Omax at high SNR per bit. A lower throughput is achieved
by the other systems due to the effect the quantization has
on the tree search of the SD. It causes some additional paths
of the tree to be searched, slowing down the detection of the
symbols. The degradation in performance is larger at high
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Average Throughput of the SD (M = N = 2, 16-QAM)
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Figure 7: Throughput of the SD at different implementation
stages

SNR per bit where the quantization noise is larger than the
Gaussian noise. Finally, more SDs could be implemented in
parallel to increase the average throughput like in [7],[8].

6. CONCLUSION AND FUTURE WORK

This paper has analyzed the integration of the SD in a real-
time MIMO system where actual impairments, such as im-
perfect channel estimation, quantization and synchronization
effects are considered. A 2x2 low-rate system has been de-
veloped using Xilinx System Generator in order to obtain
BER and throughput results, evaluating the performance of
the SD at several implementation steps. The main conclu-
sions from this work can be summarized as:

e The BER performance of the SD on the FPGA ap-
proximately matches that of MATLAB, except at high
SNR. The difference appears due to the fixed-point pre-
cision used for the input data and for the operations per-
formed to obtain the input matrices (channel inverse and
Cholesky decomposition).

e The throughput of the SD decreases as the system ap-
proaches a realistic transmission and reception case. A
throughput loss of approximately 6% has been observed
at high SNR.

e The MIMO platform and tools have been proved to be
very practical in order to test the validity of the SD imple-
mentation in a real MIMO system. The homogeneity of
the design flow has favoured the integration of the work
of the two research groups involved.

As future work lines, the results of this paper can be ex-
tended to larger MIMO systems where additional resources
would be required. In addition, a more detailed analysis of
the fixed-point precision blocks could help identifying what
the main causes of the quantization errors are. Finally, the
inclusion of a robust channel equalizer and adaptive channel
estimation could help evaluating the SD in higher rate trans-
missions with larger data bursts.
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