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Abstract— A rapid prototyping system for the analysis of
multiple input-multiple output (MIMO) algorithms is presented
in this paper. It combines the flexibility of MATLAB with the
processing power of existing field-programmable gate arrays
(FPGAs) to speed up the implementation and testing of real-time
multiple-antenna receiver algorithms, suitable for integration
into current wireless communication systems. As an application
example, the sphere decoder (SD) for uncoded MIMO systems has
been implemented and tested on this rapid prototyping system.

Index Terms— Field-programmable gate array (FPGA), mul-
tiple input-multiple output (MIMO), rapid prototyping, spatial
multiplexing, sphere decoder, wireless communications.

I. I NTRODUCTION

T HE use of multiple input-multiple output (MIMO) tech-
nology has become the new frontier of wireless commu-

nications. It enables high-rate data transfers and improved link
quality through the use of multiple antennas at both transmitter
and receiver [1]. In recent years, prototyping multiple-antenna
systems has become increasingly important [2], [3]. These
prototypes are used as a means of validating results anticipated
by theoretical research, as product demonstrators or as real-
time testing platforms. A wide variety of MIMO prototypes
exist that can be classified into three different categories
according to their features and their main research interest:

1) Complete real-time MIMO system with a wireless link
to validate the integration of the technology into wireless
communication systems [4], [5].

2) Real-time MIMO system using channel emulators to test
different channel conditions [6].

3) Offline MIMO processing with an RF front-end to
concentrate on channel characterization [7]-[9].

The prototyping alternatives described above pay special
attention to the different aspects of system integration and real
wireless channel testing. As a result, the MIMO algorithm
block is normally reduced to implementing a well-known
existing algorithm, selected according to computer simulations
or results found in the literature. Therefore, these prototypes
are not suitable for implementing and testing novel MIMO
algorithms to expand initial simulation results. To overcome
this problem, the prototyping system proposed here concen-
trates only on the signal processing aspects of the MIMO
algorithm using a field-programmable gate array (FPGA), with
the rest of the MIMO system being computer-simulated. With
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this approach, the real-time implementation of the MIMO
algorithm is embedded in a computer-based system providing
a true hardware-in-the-loop platform.

II. MIMO S YSTEM

The uncoded MIMO system considered hasM transmit and
N receive antennas, withN ≥ M , denoted asMxN . The
signals to be transmitted are spatially multiplexed and sent in
parallel, as shown in Fig. 1, resulting in a data rate increase
compared to an equivalent single-antenna system. The wireless
channel adds noise to the received signals and provides a
propagation path from each transmit to each receive antenna
resulting in interference between the transmitted signals. The
’MIMO Algorithm’ block in Fig. 1, that compensates for
the effect of the wireless channel, is targeted for a hardware
implementation.
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Fig. 1. MIMO system block diagram

A. MIMO Receive Algorithms

The algorithms for the detection of spatially multiplexed
MIMO signals can be divided into four categories [10], [11]:

1) Linear detector: it inverts the channel effect using zero
forcing (ZF) or minimum mean-square error (MMSE)
criterion.

2) Successive interference cancellation detector: iterative
version of the previous detector using the vertical Bell
Labs layered space time (VBLAST) algorithm.

3) Maximum-likelihood detector (MLD): it provides op-
timum maximum likelihood (ML) performance at the
expense of an exponential complexity withM .

4) Sphere decoder (SD): it reduces the complexity of the
MLD while still providing ML performance.

Among those algorithms, only the first three have received
substantial attention from a rapid prototyping point of view.



III. R APID PROTOTYPINGSYSTEM

The rapid prototyping system must have the simplicity and,
at the same time, the flexibility required to quickly move
from a computer-based implementation of an algorithm to its
real-time implementation. As opposed to previous prototyping
approaches, the focus of our approach is on the analysis of the
MIMO algorithm. It is possible, then, to analyze novel MIMO
algorithms while, at the same time, looking at their hardware
implications. The main features to facilitate that process are
the following:
• A reconfigurable hardware platform to implement and

analyze different MIMO algorithms.
• A prototyping methodology that does not require detailed

knowledge of the underlying hardware to allow a rapid
implementation of the algorithms.

• A uniform testing environment to compare computer-
based simulations and hardware execution.

• Possibility of running the algorithms in real-time to
characterize their throughput (i.e. number of bits that can
be detected per second).

• A simple and flexible interface to synchronize the hard-
ware platform and the computer-based MIMO system.

A. Hardware Platform

An FPGA board has been selected as the hardware platform
for the study and prototyping of MIMO algorithms, given the
high level of parallelism of FPGAs and their evolution, with
higher densities and the addition of embedded multipliers.
The platform for this work has been provided by Alpha Data
Ltd. and consists of an ADC-PMC peripheral component
interconnect (PCI) adapter board that hosts two FPGA boards:
an ADM-XRC-II with a Xilinx Virtex-II (XC2V4000) and an
ADM-XP with a Xilinx Virtex-II-Pro (XC2VP70), both with
external SRAM memory for data storage. Fig. 2 shows the
block diagram of the ADM-XP board.

Fig. 2. ADM-XP block diagram (after www.alpha-data.com)

The platform provides the required degree of reconfigura-
bility. In addition, the PCI interface and the board drivers guar-
antee a seamless synchronization and data transfer between the

MIMO algorithm implemented on the FPGA and the rest of
the MIMO system running on the host PC.

B. Rapid Prototyping Methodology

The rapid prototyping methodology selected is based on
MATLAB, Simulink and the available Xilinx tools for the
implementation of FPGA designs tailored to the Alpha Data
FPGA boards. Fig. 3 shows the methodology that has been
used for the rapid prototyping of the MIMO receive algo-
rithms.
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Fig. 3. Rapid prototyping methodology

Initially, MATLAB is used to implement a complete MIMO
system including transmitter, channel simulator and receiver.
This system provides us with the flexibility required to com-
bine transmit/receive algorithms with different channel condi-
tions. Although the modelling of a practical hardware system is
limited with MATLAB, it allows us to quickly identify receive
algorithms that could be targeted for the FPGA.

Once the algorithms of interest have been identified, they
need to be implemented on the FPGA using a prototyping
tool as similar as possible to a symbolic or mathematical
programming language. For that purpose, the Xilinx DSP
System Generator is used to implement the MIMO algorithms
on the FPGA [12]. The tool is embedded in a Simulink
environment and provides different blocks to perform basic
mathematical and bit operations that can be directly mapped
on the FPGA for real-time execution. This high level of
abstraction provides two main advantages:

• The use of hardware description languages is not required
to translate the signal processing algorithms from MAT-
LAB to System Generator.

• The debugging of the FPGA design is simplified because
mathematical operations of the algorithms can be easily
identified in the FPGA model.

At the same time, this high level of abstraction also allows
the FPGA design to be optimized. This is achieved by selec-
ting the appropriate precision in the datapath operations and
scheduling the different parts of the algorithm to make an
optimum use of the processing power of the FPGA.

The development of the FPGA model is embedded in a
Simulink testbench that has the basic transmit, receive and
wireless channel functionalities of the complete MATLAB



MIMO system to allow the transmission and reception of data
frames using the FPGA model of the MIMO receive algorithm.
This testbench facilitates the debugging of the design in the
development stage, with the possibility of monitoring every
signal in the FPGA model.

The FPGA model is then synthesized, mapped and routed
using Xilinx synthesis tools. The output data generated by
those processes can be used to analyze the resource use and
the timing constraints of the design, identifying where the
bottlenecks of the design are in order to improve it.

After the final version of the model has been synthesized,
a bitstream is generated for the hardware co-simulation of the
FPGA design. This hardware co-simulation of the algorithm
uses a memory interface embedded in a Simulink environment
to synchronize and transfer data to and from the host PC.
The communication between the Simulink environment and
the FPGA is handled internally using shared memory blocks
implemented in the FPGA, and externally using SRAM de-
vices on the board.

Finally, the hardware design on the FPGA and the Simulink
interface are embedded in the complete MATLAB model
to evaluate the performance of the hardware implementation
and compare it with MATLAB. In order to have a seamless
integration in the MATLAB model, special routines have been
implemented to adapt the data format to the FPGA memories
used for synchronization.

The rapid prototyping methodology presented allows us to
have a fast path from the original algorithm, with no assump-
tions about the hardware platform, to the final implementation
running on the FPGA. In addition, the MIMO system model
can perform real-time hardware-in-the-loop testing of the
MIMO receive algorithm.

IV. A PPLICATION EXAMPLE : SPHEREDECODER(SD)

A SD for MIMO systems has been implemented using
the rapid prototyping system described above. The increasing
interest on the SD lies on the fact that it provides ML
performance with reduced complexity compared to the MLD.
Therefore, the SD can be integrated into actual systems where
the number of antennas or the constellation size make the
MLD unsuitable due to its high complexity.

The MIMO testbed consists of a4x4 system where the trans-
mitted symbols from each antenna are taken independently
from a 16-quadrature amplitude modulation (QAM) conste-
llation. Assuming symbol-synchronous receiver sampling and
ideal timing, the equivalent baseband received4-vector, using
matrix notation, is given by

r = Hs + n (1)

wheres = (s1, s2, ..., s4)T denotes the vector of transmitted
symbols with E[|si|2] = 1/4, n = (n1, n2, ..., n4)T is
the vector of independent and identically distributed (i.i.d.)
complex Gaussian noise samples with varianceσ2 and r =
(r1, r2, ..., r4)T is the vector of received symbols. The 4x4
matrix H denotes the flat fading channel matrix wherehij is
the complex transfer function from thejth transmit antenna
to the ith receive antenna. The entries ofH are modelled as
i.i.d. Rayleigh fading with E[|hij |2] = 1.

The main idea of the SD is to reduce the computational
complexity of the MLD by searching over only the receive,
noiseless constellation points that lie within a hypersphere
of radius R around the received signal. This process is
represented by

ŝ = arg{min
s
‖r−Hs‖2 ≤ R2} (2)

where the initial radiusR is selected according to the noise
level [11].
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Fig. 4. Hardware-in-the-loop MIMO system diagram

The SD has been prototyped using the Xilinx DSP System
Generator and integrated in the complete MIMO system. The
communication between the MATLAB system and the FPGA
is performed using internal RAM memory in the FPGA and
memory models in Simulink that are directly accessible from
MATLAB. The input memory of the FPGA contains the
received symbols from all the receive antennas, the channel
information and the initial radius required for the SD oper-
ation. The output memory contains the detected bits that are
sent back to the MATLAB model. Fig. 4 shows the integration
of the hardware implementation of the SD in the MATLAB
system model.

TABLE I

FPGA RESOURCEUSE OF4-SDS

XC2VP70 Use Percentage

Number of slices 21,467 / 33,088 64%

Number of flip-flops 17,691 / 66,176 26%

Number of 4-input LUT 36,249 / 66,176 54%

Number of embedded multipliers 156 / 328 47%

Number of block RAM 183 / 328 55%

Table I summarizes the resource use of the parallel imple-
mentation of 4 SDs on the Xilinx Virtex-II-Pro FPGA [13].
It can be seen that the 4 SDs use around half of the FPGA
resources making intensive use of the RAM memory blocks.
The number of memory blocks used is mostly due to the
input and output buffers required for hardware co-simulation
and communication with the MATLAB system model. The
percentage of FPGA slices used is 64%, but it should be noted
that each slice contains two flip-flops and two look-up tables
(LUTs). Looking at their percentage of use, we can see that
most of the slices are only partially used. This initial version of
the SD could be optimized reusing the embedded multipliers
when they are idle and also using approximations for the
most computationally intensive operations like the Euclidean
distance calculation.



Fig. 5 shows the fixed-point bit error ratio (BER) per-
formance of the SD on the FPGA obtained over 20,000
channel realizations, compared with the floating-point MAT-
LAB performance. The FPGA real-time execution matches the
computer simulations except at high signal to noise ratio per
bit due to the quantization noise (16 bits used per real and
imaginary components).
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Fig. 5. BER performance of the FPGA-SD compared to the MATLAB-SD
as a function of the signal to noise ratio per bit.

Table II compares the throughput of the parallel FPGA
implementation of the SD with two application-specific in-
tegrated circuit (ASIC) implementations of the SD [14]. The
FPGA implementation achieves a similar performance to that
of ASIC 1, while using only half of the resources available on
the FPGA. Therefore, the system could be improved adding
more SDs in parallel on the same platform, increasing the
throughput. In addition, the optimizations on ASIC 2 could
also be integrated into the FPGA design.

TABLE II

COMPARISON OF REAL-TIME SD IMPLEMENTATIONS

SD FPGA ASIC 1 [14] ASIC 2 [14]

MIMO configuration 4x4 4x4 4x4

Modulation 16-QAM 16-QAM 16-QAM

Granularity 4-SD Single-SD Single-SD

BER perfomance ML ML close to ML

Clock Frequency (MHz) 50 51 71

Throughput at
114.5 126 253

Eb/N0 = 20dB (Mbps)

V. CONCLUSION AND FUTURE WORK

A rapid prototyping system has been proposed for the
implementation, analysis and testing of MIMO receive al-
gorithms in real-time. As opposed to previous prototyping
approaches, the system here presented focuses on the study
of advanced MIMO algorithms rather than on the integration
of different components for complete system prototyping. By
using existing FPGAs and the Xilinx DSP System Generator,
the computer-simulated MIMO algorithms can be translated
into an FPGA model without extensive hardware knowledge

and reducing the design time. We believe that with this proto-
typing methodology we can close the gap between the software
engineers who use a high level language for the modelling and
evaluation of MIMO algorithms and the hardware engineers
who concentrate on adapting a fixed MIMO algorithm for a
given hardware platform.

This rapid prototyping system will be used for the analysis
of new MIMO algorithms, now being evaluated in software,
to increase the throughput of the SD without increasing the
required processing power and keeping a BER performance
as close as possible to the ML performance. For that purpose,
new architectures suited to the high level of parallelism of
FPGAs need to be investigated.
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