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Abstract— Multiple input-multiple output (MIMO) is an attractive technology for future wireless systems. MIMO communication, enabled by the use of multiple transmit and multiple
receive antennas, is known for its high spectral efﬁciency as
well as its robustness against fading and interference. Combining
MIMO with orthogonal frequency division multiplexing (OFDM),
it is possible to signiﬁcantly reduce receiver complexity as OFDM
greatly simpliﬁes equalization at the receiver. MIMO-OFDM is
currently being considered for a number of developing wireless
standards; consequently, the study of MIMO-OFDM in realistic
environments is of great importance. This paper describes an
approach for prototyping a MIMO-OFDM system using a ﬂexible
software deﬁned radio (SDR) system architecture in conjunction
with commercially available hardware. An emphasis on software
permits a focus on algorithm and system design issues rather than
implementation and hardware conﬁguration. The penalty of this
ﬂexibility, however, is that the ease of use comes at the expense
of overall throughput. To illustrate the beneﬁts of the proposed
architecture, applications to MIMO-OFDM system prototyping
and preliminary MIMO channel measurements are presented.
A detailed description of the hardware is provided along with
downloadable software to reproduce the system. 1

I. I NTRODUCTION
Multiple-input multiple-output (MIMO) wireless systems
use multiple transmit and multiple receive antennas to increase
capacity and provide robustness to fading [1]. To obtain these
beneﬁts in broadband channels with extensive frequency selectivity, MIMO communication links require complex spacetime equalizers. The complexity of MIMO systems can be
reduced, however, through orthogonal frequency division multiplexing (OFDM). OFDM is an attractive digital modulation
technique that permits greatly simpliﬁed equalization at the
receiver. With OFDM, the modulated signal is effectively
transmitted in parallel over N orthogonal frequency tones.
This converts a wideband frequency selective channel into
N narrowband ﬂat fading channels. Currently OFDM is used
in many wireless digital communication systems, such as the
IEEE 802.11a/g [2], [3] standards for wireless local area networks (WLANs). MIMO-OFDM technology is in the process
of being standardized by the IEEE Technical Group 802.11n
1 This material is based in part upon work supported by the National
Instruments Foundation, the National Science Foundation under grant number
0322957, and the Texas Advanced Technology Program under Grant Nos.
003658-0614-2001 and 003658-0380-2003.
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[4] and promises to be a strong candidate for fourth generation
(4G) wireless communication systems [5].
As the theory behind MIMO-OFDM communication continues to grow, it becomes increasingly important to develop
prototypes which can evaluate these theories in real world
channel conditions. During the past few years, a number
of MIMO-OFDM prototypes have been developed [6]–[12].
These implementations make use of FPGAs or DSPs, which
require a large amount of low level programming and a ﬁxedpoint implementation. This is the preferred solution when
developing high-speed implementations; however, it hinders
the ﬂexibility of the platform as these systems are not easily
reconﬁgurable. As a result when experimenting with many
different space-time coding schemes or receiver designs, a
more ﬂexible solution may be preferred.
In this paper we propose a MIMO-OFDM system architecture based on the software deﬁned radio (SDR) paradigm. The
advantage of this approach lies in the fact that the user is not
required to have in depth hardware knowledge and may implement a number of different schemes by simply reconﬁguring
the software. The platform uses National Instruments’ radio
frequency (RF) hardware in conjunction with the LabVIEW
graphical programming language. With this architecture, it
is possible to deﬁne and simulate a system in a high level
programming language and then seamlessly apply that code
towards the hardware implementation–this greatly reduces the
time involved in system prototyping. Compared with [6]–
[12], our prototyping platform can easily be reduplicated as
it consists of commercial-off-the-shelf hardware and publicly
available software. A user who purchases the RF hardware
from National Instruments and downloads the available MIMO
software toolkit along with the prototyping code developed by
the authors (available at [13], [14]) can realize the same rapid
prototyping beneﬁts which we discuss in this paper.
The ﬂexibility of the current implementation of the prototype is limited by some hardware constraints, such as the
bandwidth of the PCI bus, which prevents fully real-time
transmission over the wireless link, and software constraints
like our lack of complete synchronization algorithms in the
software, which causes us to use a wired synchronization
channel. The spirit of this contribution is to summarize our
method and describe our ﬁrst efforts towards the development
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Fig. 1.

A 2 × 2 MIMO-OFDM spatial multiplexing system

of a complete MIMO-OFDM platform designed for system
validation and channel measurements. More work needs to
be investigated to overcome the limitations and expand the
capabilities of our initial design.
This paper is organized as follows. Section II explores
the signal model for a MIMO-OFDM system and our speciﬁc MIMO-OFDM implementation. Section III discusses the
speciﬁcs of the hardware and software platform. Section IV
shows preliminary results from our system implementation as
well as channel measurements in indoor environments.
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In this section we review the MIMO-OFDM signal model
and then describe our speciﬁc MIMO-OFDM system implementation.

where hn, refers to the time delay proﬁle of the channel and
L is the number of channel taps where L must be less than the
length of the cyclic preﬁx to avoid intercarrier interference.
The equalization in MIMO-OFDM systems may be enabled
through different procedures such as zero-forcing equalizer,
minimum mean-squared error equalizer, V-BLAST successive
cancelling equalizer, sphere decoder, and maximum likelihood
decoder (see [1] for an overview). In our prototype we
currently implement the zero-forcing equalizer; the ﬂexibility
of the proposed architecture though allows us to prototype
more sophisticated equalization strategies.

A. MIMO-OFDM Signal Model

B. System Implementation and Speciﬁcations

In a MIMO-OFDM system (see [8] and the references
therein) MIMO space-time codes are combined with OFDM
modulation at the transmitter while complicated space-timefrequency processing is employed at the receiver. For simplicity of explanation, we consider spatial multiplexing as
illustrated in Fig. 1 though it will be apparent that other
transmission techniques can be implemented in the proposed
architecture.
In a MIMO-OFDM system with MT transmit antennas
and MR receive antennas, the sampled signal at the receiver
(after the FFT and removing the cyclic preﬁx) of a spatial
multiplexing MIMO system for OFDM symbol period n and
tone k can be expressed by the following equation (assuming
perfect linearity, timing, and synchronization.) [1]

The ﬁrst implementation features spatial multiplexing with
two transmit and two receive antennas, as illustrated in Fig. 1.
Other MIMO schemes are already available in the LabVIEW
MIMO Toolkit [14], and we are planning to use this to
implement other space-frequency codes in the future.
The speciﬁcations of the system are listed in Table I. In
our MIMO-OFDM implementation, OFDM with 64 tones is
employed over a 16MHz bandwidth. The cyclic preﬁx is 16
samples long. This corresponds to an OFDM symbol duration
of 5µs, with a guard interval of 1µs and a data portion of
4µs. We transmit our OFDM symbols in 200ms data packets.
This 200ms was determined by our hardware as memory
constraints at the receiver prevented longer acquisition periods.
The system is equipped with an adjustable carrier frequency.
We chose to run our system at 2.4GHz, which is the carrier frequency used for WLANs [2], [3]. Various modulation schemes
are possible (BPSK, QPSK, 16-QAM, 64-QAM) along with
optional convolutional coding.
Channel estimation is carried out by periodically transmitting an OFDM training symbol. The frequency at which
training symbols are sent can be programmatically changed
in the software and depends on the expected variation of the
channel. The estimation at the receiver is enabled by the pilot
symbols, sent out over orthogonal tones across the transmit
antennas. We then use a linear interpolation across the tones

II. MIMO-OFDM I MPLEMENTATION

Yn,k = Hn,k Sn,k + Wn,k

(1)

where Yn,k is a MR × 1 vector representing the MR received
signals, Xn,k is a MT ×1 vector representing the MT transmitted signals, Hn,k is the MR ×MT MIMO channel matrix that
captures the various paths which the signal can travel through
from transmitter to receiver, and Wn,k is a vector of complex
i.i.d. additive Gaussian white noise.
The channel from transmit antenna t and receive antenna
r for the n-th OFDM block and the k-th tone is denoted by

183

TABLE I

PCI bridge which connects the PXI hardware to the PCI bus.
Each PC is equipped with dual 2.8GHz processors and 2Gb of
memory. The speciﬁcations of the hardware is listed in Table
II and the corresponding block diagram is depicted in Figure
3.

S PECIFICATIONS OF OUR MIMO-OFDM IMPLEMENTATION
No. of Transmit Antennas
No. of Receive Antennas
Carrier Freq.
Bandwidth
No. of Tones
Subcarrier Spacing
OFDM Symbol Duration
Guard Interval Duration
OFDM data duration
Length of Cyclic Preﬁx
MIMO Scheme
Packet Duration

2
2
2.4GHz
16MHz
64
25kHz
5µs
1µs
4µs
16 samples
spatial multiplexing
200ms

TABLE II
H ARDWARE SPECIFICATIONS

Transmitter

Arbitrary Waveform
Generator
PXI-5421
Upconverter
PXI-5610
Digitizer
PXI-5620

Receiver
Downconverter
PXI-5600

Fig. 2.

Picture of the National Instruments RF hardware

to estimate the channel’s full frequency response. Once we
have a channel estimate, the data is demodulated by a MIMO
zero-forcing linear receiver. Due to space limitations, in this
contribution we do not provide analytical details of the channel
estimation algorithm employed in the prototype.
We are currently avoiding carrier synchronization issues
by directly wiring the clocks of the transmitter and receiver
together. Additionally, in order to avoid timing issues we are
sending a trigger from the transmitter to the receiver when
data transmission begins. Software synchronization is under
development and will be included in future work.
As we are following a SDR approach to prototyping, there
are many parameters of the system which can be adjusted
programmatically. The ﬂexibility enabled by a SDR MIMOOFDM prototype becomes clear in the following section where
we present a detailed description of the prototyping platform.
III. P ROTOTYPING P LATFORM
A. Hardware Description
National Instruments’ RF hardware is the foundation of our
prototype, as illustrated in Figure 2. The hardware comes in the
PCI extensions for instrumentation (PXI) form factor (which
is similar to PCI except designed for industrial applications).
Each pair of transmitters and receivers is housed in separate
PXI chassis. Each PXI chassis is connected to a PC through a

100 million samples per sec.
16 bit resolution
43MHz bandwidth
250KHz - 2.7GHz Carrier
+13dB range
64 million samples per sec.
14 bit resolution
30MHz bandwidth
9kHz - 2.7GHz Carrier
20MHz real-time bandwidth

Each transmit unit is called a RF signal generator and it consists of two parts. The ﬁrst is the arbitrary waveform generator
(ARB). The ARB acts as the digital to analog converter (DAC)
and it operates at a maximum of 100M samples/sec with a
16-bit resolution. The ARB has a 256MB buffer, although the
hardware is enabled to cycle through the buffer to provide for
continuous transmission. When transmitting complex data, the
ARB itself upconverts the signal to an intermediate frequency
(IF) of 25MHz (this IF can be programmatically changed)
before the signal is sent to the RF upconverter. The upconverter
can modulate a signal up to a carrier frequency of 2.7GHz
with bandwidths up to 20MHz and is capable of a maximum
of 13dBm of power. The ARB has a trigger line available for
timing synchronization, while the upconverter has an input
available for clock synchronization.
The receiver also consists of two units: a digitizer and a
RF downconverter. The downconverter takes the RF signal
from the antenna and downconverts it to an IF frequency
of 15MHz before sending it to the digitizer (A/D). Like
the upconverter, the downconverter can process signals up to
2.7GHz. The downconverter can process 20MHz bandwidth
blocks of data at a time. The digitizer runs at a maximum
sampling rate of 64Msamples/sec and it has a 14-bit resolution.
It is equipped with a 64MB buffer. The digitizer samples the
IF waveform and sends it to the PC where IF demodulation
happens in software. This software demodulation along with
the limited speed of the PCI bus prevents continuous operation
at maximum bandwidth. Using a duty cycle (transmitting a
only a fraction of every cycle) allows us to transmit using large
bandwidths while decreasing the bandwidth below 1.25MHz
(where onboard digital demodulation is supported) allows us
to support continuous streaming.
To extend the usable range of the prototype we used a Minicircuits ZQL-2700MLNW LNA (low noise ampliﬁer) at the
receiver. We derived the gain of the LNA from the link-budget
equation [15]
PR = PT + GT + GR − P L − Lc + GLN A

(3)

where PT and PR are the transmitter and receiver powers
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LabVIEW VI

NI PXI -5421
Arbitrary Waveform
Generator
(100M samples/sec)

ZQL-2700MLNW
Low Noise
Amplifier

NI PXI -5600
Down-Converter
Carrier Frequency
250 kHz – 2.7 GHz

Fig. 3.

NI PXI -5610
Up-Converter
Carrier Frequency
250 kHz – 2.7GHz

NI PXI -5620
Digitizer

LabVIEW VI

(64M samples/sec)

Hardware block diagram

in dBm, GT = GR = 3dB are the transmitter and receiver
antenna gains, P L = 60dB is the path-loss at 2.4GHz
calculated for 20 meter range between transmitter and receiver,
Lc = 15dB is the loss due to the cables used to connect the
antennas to the PXI chassis. According to (3), we found that
a gain of GLN A = 25dB is required for the LNA in order to
guarantee a minimum received power of approximately PR =
−40dBm, when the transmit power is set to PT = 5dBm.
Additionally, for timing and clock synchronization, we
found that we needed a 3 way power splitter to send each
signal out to each of the transmit and receive components. This
splitter will be replaced once full open loop synchronization
is implemented.
B. Software Description
The RF Hardware is designed to be easily conﬁgured
and programmed through National Instruments’ LabVIEW
programming environment. LabVIEW is a data ﬂow based
graphical programming language. The hardware can be programmed in other languages, however, LabVIEW provides
the user with simple programming and rapid prototyping
capabilities. We began the prototyping process by creating a
simulation of the MIMO-OFDM system in LabVIEW. For this
purpose our research group has created a publicly available
MIMO toolkit for LabVIEW which can be downloaded at
[14]. This toolkit includes the building blocks to simulate
various MIMO schemes as well as the functions which are
necessary to simulate the system completely from baseband
up to the modulation and decoders. The MIMO schemes that
are currently included in the toolkit are spatial multiplexing,
Alamouti encoding, linear dispersion encoding, trellis coding,
along with other common MIMO schemes and functions to
support simulation.
After completing simulations, the next stage in our prototyping process was to actually program the hardware. With
the LabVIEW simulations already completed, the transition to
hardware programming was very simple as the code written for
the system simulation could then be applied with the hardware.
Many of the low level hardware issues were avoided by using
the LabVIEW hardware device drivers.
IV. R ESULTS

Fig. 4. The LabVIEW transmitter software interface with various programable system parameters

mentations are available for download at [13] along with the
MIMO Toolkit [14].
A. MIMO-OFDM System Implementation
One of the objectives of hardware implementation was
to test various candidate coding and receiver strategies for
the MIMO-OFDM physical layer under consideration in the
IEEE 802.11n standard, which is currently under development.
The system followed the speciﬁcations outlined in Section III
with a 2 × 2 spatial multiplexing MIMO system combined
with 64 OFDM tones. QPSK modulation was combined with
a channel estimation scheme that sends a training symbol
every ﬁfth OFDM symbol. As previously discussed, due to
memory constraints, only 200ms worth of packets of data
are transmitted in a given time interval. In this period we are
consistently able to achieve a data rate of 40.96 Mbits/s (8.192
Mbits are transmitted in this 200ms time frame) with our given
hardware.
Due to our current hardware limitations, each acquisition
requires approximately 4 seconds of processing before a new
acquisition can occur. Thus the overall throughput we achieve
is about 2 Mbits when operated using this duty cycle. Future
hardware upgrades will allow real time system implementations.
For demonstration purposes we transmitted an image as
displayed in the graphical user interface (GUI) depicted in
Figure 4. The decoded image is reported in Figure 5 along
with the GUI at the receiver side. The difference in download
speed of the image in non-MIMO and MIMO conﬁgurations
provides an intuitive motivation for MIMO, e.g. the image
transfers twice as fast with MIMO in our conﬁguration.
We will continue to build on our current system implementation as we implement a number of other available MIMO
schemes which are available through our MIMO toolkit [14].
We are also investigating adding a medium access control
(MAC) protocol as well as a feedback channel.
B. Channel Measurements

In this section we describe a simple system implementation
as well as a basic channel measurement setup. Both imple-
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Along with the system implementation, we are using the
prototype to conduct channel measurements. We only have

system implementation and channel measurements. In future
work we plan to apply this to study MAC protocol designs
for MIMO-OFDM ad hoc networks [22] as well as to more
comprehensively analyze MIMO channels as in [21].
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