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Abstract—Software Defined Radios (SDRs) are radio commu-
nication systems where components that are typically imple-
mented in hardware, such as filters, modulators, demodulators,
etc., are instead implemented in software. GNU Radio is the
most common and efficient software development toolkit that
implements SDRs. It is open-source and provides the basic
signal processing blocks that can be exploited to implement
a SDR testbed, including usage of multi-antenna transmitters
and receivers. GNU Radio can be used in combination with
different hardware platforms, such as the Universal Software
Radio Peripherals (USRPs) produced by Ettus Research”™ and
designed with GNU Radio, which we use in our testbed.

This paper presents the setup and initial results of the
MIMONet SDR testbed we are currently developing to test multi-
antenna system performance at network level. In particular, in
this paper we show the importance of appropriately tuning the
physical parameters of a SDR testbed, such as transmitter and
receiver power, central frequency, etc. As a test case, we compare
a single-input single-output (SISO) OFDM communication link
with a single-input multiple-output (SIMO) counterpart in terms
of bit rate performance. The SIMO link is designed based on
the Maximal Ratio Combining (MRC) of signals at the receiving
end. MRC is a diversity technique, where signals coming from
different receiver antennas are weighted and added together in
order to obtain stronger signals compared to the one received by
a single antenna.

The experimental results collected using the SDR testbed
indicate that: 7) the link quality improvement of SIMO vs SISO
link are in accordance with theoretical predictions (3dB); and
1) the improvement in bit rate given by a SIMO link depends
on the modulation scheme used, and it can be as high as 400%
with Quadrature Phase-Shift Keying (QPSK) modulation.

Index Terms—Universal Software Radio Peripheral; Maximal
Ratio Combining; Software Defined Radio, GNU Radio.

I. INTRODUCTION

Software Defined Radio (SDR) systems are at the forefront
of modern communication research thanks to their flexibility in
assessing various communication architectures with minimal
effort. SDR systems are widely considered to be as one of the
most important research topics in the area of mobile and per-
sonal communications and the reason is attributable on three
key terms: reconfigurability, intelligence and flexibility [1].
Therein, reconfigurability plays a major role, enabling mobile
systems and networks to be self-configurable by monitoring
their own performance and making the appropriate parameter
changes. A SDR system essentially adds extra degrees of free-
dom in the adaptation process, improving the user experience
and quality of service in the network. Subsequently, the need
of self-awareness from a higher-level network perspective led

to the upbringing of cognitive radios, in which communication
systems are aware of their internal state and environment, in
order to have spectrum agility. Such concepts bind together to
form the next generation of intelligent wireless mesh networks.

Technically, SDRs translates to components that were typ-
ically implemented in hardware instead being implemented
in software, which dramatically reduces the operational and
associated hardware integration costs in the transmitting and
receiving architectures. As a result of this additional flexi-
bility, functional modules such as modulation/de-modulation,
coding/decoding, interleaving/de-interleaving, as well as other
more complicated signal processing tasks related to channel
equalization and time-frequency synchronization are now per-
formed in software running in personal computers. Therefore,
SDR technology facilitates implementation of reconfigurable
radio systems where dynamic selection of parameters for the
pre-mentioned modules is possible. In a wireless mesh network
architecture, the degrees of freedom added by the dynamic
selection of parameters cannot be ignored. Although wireless
mesh networks are the reference architecture of the MIMONet
testbed presented herein, the analysis presented in this paper
focuses on a simpler setting, both in terms of the number of
nodes used and the associated digital signal processing (DSP)
embedded within the SDR platform.

In this paper, a SDR system is presented accompanied by
the radio peripheral responsible for performing the baseband to
intermediate and intermediate to radio frequency conversions
of the incoming signal. Therefore, in this implementation the
SDR system serves the complex baseband signal processing
needs and it is left to the Universal Software Radio Peripheral
(USRP) to perform the above-mentioned conversions. The
main task is to develop and test a software defined architecture
that enables the communication between two or more USRP
devices and sets the basis of a more complex system for
the assessment of a multiple-input multiple-output (MIMO)
wireless mesh network architecture that employs multi-antenna
elements. In this work, a system performance comparison
is presented between the Maximal Ratio Combining (MRC)
technique employed in a single input multiple output (SIMO)
type of system and a single input single output (SISO) system
with no diversity combining [2]. As shown later, the MRC
scheme confirms the theoretical 3 dB array gain over the SISO
system.

The rest of this paper is organized as follows. Section II
introduces existing multi antenna testbeds. Section III de-



scribes the testbed implementation and configuration, giving
in-depth details about the software and hardware used during
the experiments. In Section IV, a more general performance
assessment is provided based on various types of modulation
schemes. In Section IV-C, a performance analysis is performed
between the SIMO and SISO systems demonstrating the
benefits in using a multi-antenna system. Finally, Section V
summarizes the main contributions of this work.

II. RELATED WORKS

Starting in 1998 with the first narrow-band MIMO prototype
[3], several testbeds have been set up in the past years in
order to investigate specific aspects of MIMO networks, such
as MIMO-WCDMA transmission for 3G telephone systems
[4], MIMO 3G prototype chip development for high-speed
downlink packet access reception [5], and MIMO OFDM
transmission for 4G telephone systems [6]. Due to the very
high cost of these testbeds, typically operated by industries,
nowadays instead testbeds are mostly used in research and
about 60 % of them are operated by universities [7].

Wireless network testbeds ([8], [9], [10]) are used to inves-
tigate questions about network interactions and performance.
Typical applications include mesh networks, multihop routing,
link quality measurements, and mobility experiments. These
testbeds are characterized by a limited medium access control
layer (MAC) customization and a fixed physical layer (PHY).

For this reason, testbeds that investigate the PHY
layer, as well as, point-to-point link performance have
been implemented ([11], [12], [13]). Applications of these
testbeds include MIMO channel measurements, implement-
ing/prototyping new standards, and real-time implementation
of space-time codes and MIMO algorithms. These prototypes
are generally designed around high-performance hardware
such as FPGAs and DSPs. Their advantage is that state-of-
the-art PHY layer techniques are implemented, although these
prototypes are not coupled to experimental MAC and network
software.

Different from these is the Hydra testbed implemented at
UT Austin [14]. In fact, Hydra is a MIMO testbed built with
the goal of facilitating experimentation with state-of-the-art
PHY layer, MACs, and other network protocols and their
interactions in multihop configurations.

The testbed described in this paper instead, has as main idea
the exploitation of MIMO technologies in order to provide
a breakthrough capacity increase in wireless mesh networks
exploiting advantages from the network layer.

ITI. TESTBED IMPLEMENTATION AND CONFIGURATION

Wireless network testbed are commonly used in order to
investigate questions about network interactions and perfor-
mance. In comparison to a network simulator, the advantage
of a testbed is that the system is real, allowing the treatment of
various problems related to actual implementations. Keeping
in mind the main goal of our testbed, i.e., the network layer
exploitation of MIMO techniques, we start designing and
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Figure 1. GNU Radio pyramid (PAOLO: Is this picture taken from [15]?
If so, add reference).

developing a multiple-antenna system in order to exploit more
efficiently the available frequency spectrum.

In Section III-A, GNU Radio is described, which is a
software defined radio platform that implements a library of
signal processing blocks. In Section III-B, the reconfigurable
hardware used in order to manage the signal processing tasks
is presented. A description on the testbed implementation
is given in Section III-C, while the scenario and associated
parameters are listed in Section III-D.

A. Testbed Software

GNU Radio [15] is a free and open-source software for
implementing SDRs. It is easy reconfigurable and hence it
adapts to different network architectures and protocols. In
fact, the GNU Radio architecture is based on a set of re-
configurable data sources, data sinks and signal processing
blocks that are connected together to form transmitter and
receiver chains. Figure 1 shows how GNU Radio works from
the PHY layer up to the application layer. At the lower
level are the USRP Hardware Drivers (UHDs) that provide
an application programming interface (API) for USRPs and
guarantee correct information exchange between USRPs and
PCs (Personal Computers) through an Ethernet cable. Then,
GNU Radio provides a library of signal processing blocks in
C++, which implement various functionalities of the transmit
and receive architectures. These C++ blocks can be used and
combined by the final user through Python; in fact, GNU
Radio provides a Python interface for each C++ block, as well
as tools to connect the various blocks. This way, the simplified
wrapper and interface generator (swig) allows C++ code to be
used from Python.

B. Testbed Hardware

The hardware used in order to implement the testbed is
comprised mainly of PCs and USRPs as shown in Fig. 2(a).
More specifically, each node of the testbed houses a PC, two
USRPs and a MIMO cable.

USRPs are a family of computer-hosted hardware produced
by Ettus Research”™ [16], and designed with GNU Radio.
A single USRP unit consists of a motherboard and a daugh-
terboard, where the latter is the radio front-end. The USRP
N210 was chosen as the motherboard and the XCVR2450
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Figure 2. Testbed hardware chains

as the daughterboard due to their computational capabilities,
as well as their ability to operate in the frequency ranges of
[2.4;2.5] GHz and [4.9; 5.85] GHz, which are the frequencies
used by the IEEE 802.11n standard for multiple antenna
wireless networks.

PAOLO: Describe shortly also the features of the PCs.

Figure 2(b) and Fig. 2(c) depict the transmitter and the
receiver hardware chains, respectively. When a USRP is used
as a transmitter, the management software produces a signal
that is converted from digital to analog (DAC) so that it can
be suitable for the radio front-end for subsequent transmission
over the air. On the receiver side, the radio front-end receives
the signal which is converted from analog to digital (ADC)
and sent to the management software.

The connection between PCs and USRPs is through an
Ethernet cable, while the connection between the two USRPs
is provided by a so called MIMO cable. The MIMO cable is
designed to guarantee synchronization between the two units,
i.e., coherence in sampling clocks and local oscillators, which
is essential for implementation of any MIMO technique. A
MIMO cable can be used in a variety of ways. The so called
shared Ethernet mode was adopted in this instance, where one
USRP is attached to the Ethernet cable and clock reference;
time reference and data are communicated over the MIMO
cable. This method differs from the dual Ethernet mode, where
both USRPs are connected to the PC through an Ethernet
cable, and no data are communicated over the MIMO cable.

PAOLQO: comment on the rationale behind the above
choice; I guess: it is easier to program?

C. Testbed Implementation

Considering that the entire USRP design is open source,
as well as the GNU Radio software, a fully scalable open
source SDR system is implemented, enabling host based signal
processing on low cost hardware. The testbed implements
Orthogonal Frequency-Division Multiplexing (OFDM), where
the main signal is split in a sub-set of independently modulated
signals on orthogonal sub-carriers. Three modulation schemes
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Figure 4. GNU Radio receiver chain

have been coded: binary phase-shift keying (BPSK), quadra-
ture PSK (QPSK) and 8PSK, which differ in the number of
bits mapped into a constellation point, i.e., a symbol.

The transmitter software implemented in GNU Radio is
shown in Fig. 3 and its main functionalities are: (i) an
application that generates packets, (ii) an OFDM mapper that
produces as many OFDM symbols are needed in order to hold
a full packet according to the modulation scheme used, (iii) a
preamble adder that inserts pre-modulated known symbols
before each packet in order to perform synchronization and
to estimate the communication channel at the receiver, (iv) an
Inverse Fast Fourier Transform (IFFT) that produces OFDM
symbols, (v) a cyclic prefix adder that copies a portion of
symbols located at the end of the OFDM symbol, at the
begin of the same symbol, and finally, (vi) a scale factor that
normalizes the signal power of the symbols. The application
block — item (i) — is not reported in Fig 3. All others blocks
instead are reported in the Fig.

Figure 4 shows the receiver software implemented in GNU
Radio. The main component is the OFDM demodulator which
performs synchronization on the received data, demodulates
symbols into bits and packs bits into packets. The synchro-
nization stage is the most complex because it performs several
operations: (i) frame detection, (ii) Schmidl and Cox preamble
correlation [17] in order to perform timing synchronization and
fine frequency offset correction, (iii) cyclic prefix removal,
(iv) Fast Fourier Transformation (FFT), so that symbols are
transformed to the frequency domain, and, (v) sub-carriers
equalization using the least square estimation technique based
on the received preamble and the known symbols in order to
remove the distortion introduced by communication channel
effects.



D. Parameters and Scenario

Several parameters need to be appropriately chosen in order
to set up a SDR testbed. These parameters are divided in three
sets:

- USRP parameters
- OFDM parameters
- Application parameters

USRP parameters can be summarized as follows: (i) cen-
tral frequency, (ii) sample rate, and, (iii) transmitter/receiver
power. The central frequency used for transmission/reception
depends on the daughterboard of the USRP, in our implemen-
tation it can vary within the two ranges [2.4;2.5] GHz and
[4.9; 5.85] GHz. The sample rate is the speed at which samples
are clocked in and out of the transmitter and receiver. The
sample rate is limited by the following factors: (i) PC’s speed,
which is 2 MS/s (MegaSamples/s) in the described setup;
(ii) Ethernet bound, i.., GP/S — 31.25MS/s, where 32 is
the number of bits per complex sample; and, (iii) USRP limit,
which is 25 MS/s due to hardware constraints. Hence, the
chosen sample rate equals 2 MS/s, corresponding to the tighter
among the above limits. The transmitter power depends on
transmitter gain and transmitter amplitude, while the receiver
power depends only on the receiver gain. More specifically,
transmitter and receiver gains compensate losses in USRPs,
and they need to be properly set depending on the network
topology. The transmitter amplitude, instead, is a scale factor
related to the format of the signals expected by the UHD.
Each OFDM symbol is multiplied by this constant to fall
in the range expected by the hardware. It depends on the
network topology, the used central frequency, and the OFDM
modulator. USRP parameter ranges are summarized in Table
L

OFDM parameters are: (i) OFDM modulation scheme, i.e.,
one of BPSK, QPSK or 8PSK in our set up; (ii) FFT length:
total number of sub-carriers in which the available bandwidth
is divided; (iii) occupied tones: sub-carriers used for actual
data transmission; (iv) cyclic prefix (CP) length: sub-carriers
in the cyclic prefix; (v) OFDM symbol length: sum of FFT
length and CP length. Note that for each OFDM symbol,
the 2 central sub-carriers are not used for data transmission,
hence the number of occupied tones needs to be considered
excluding the 2 central sub-carriers. In Table II, the used
OFDM parameters are shown. The first two settings are as
defined in the IEEE 802.11n standard [18], while the latter is
as suggested by the Ettus Research’™ and described in the
GNU Radio tutorials. Given the sample rate and the OFDM
parameters we can obtain the occupied bandwidth as is Eq. (1)

sample rate - occupied tones

bandwidth = 1
andwt FFT length M

Application parameters are the number of transmitted
packets and their size. Each packet contains header, payload
and pad, due to compatibility with USRP old drivers, as
depicted in Fig. 5. The header is 4 bytes long and it consists
of an access code of 4 bits and the packet length of 12
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Figure 5. Packet structure

2.4 GHz and 5.2 GHz
2 MS/s (Mega samples per second)

Central frequency
Sample rate

Tx gain (0 :35]

Rx gain 0 :99]

Tx amplitude O:1
Table 1

USRP PARAMETERS

bits, hence the maximum length of a packet is 4096 bytes.
This information is repeated twice because the receiver node
examines the correctness of the header checking if the two
halves are equal. The payload contains data and a cyclic
redundancy check of 32 bits (CRC32) that is used by the
receiver node to check if the payload has been correctly
received.

In order to understand the complexity of the system that
is implemented, considering the combination of all the trans-
mitter and receiver parameters, one obtains 967680 different
tests; considering 10 runs for each test, more than 10 mil-
lions runs should be performed to precisely identify the best
configuration. This is clearly infeasible, and the alternative
approach of investigating a smaller parameter space by fixing
some parameters has been pursued instead. For example, the
transmitter power is set to the maximum value, and only
some values for the receiver power are examined. Using these
assumptions, the number of tests is reduced to about 10000
runs on which the outcomes presented in Section IV are based.

Finally, Fig. 6 shows the transmitter and receiver location
during the experiments. The distance between transmitter and
receiver is 5 meters and they are separated by a wall of wood
and steel.

IV. PERFORMANCE EVALUATION

In this section, the parameters used during this experimental
campaign are analyzed, and subsequently the outcomes of a set
of measurements on a single communication link are shown.

A. Scenario setup

Experiments were conducted during the night time in order
to avoid interference from external wireless devices. Results
are averaged on 10 experiments, and confidence intervals are

FFT length | Occupied tones | CP length
64 56 16

128 112 32

512 200 128

Table 11
OFDM PARAMETERS
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Modulation | Theoretical Bit rate | Measured Bit rate
(Kb/s) (Kb/s)

BPSK 618.75 606.65 + 0.008

QPSK 1237.5 1177.24 + 0.043

8PSK 1856.25 1715.00 £ 0.156

Table IV

THEORETICAL AND MEASURED BIT RATES.

Packet size | Theoretical Bit rate | Measured Bit rate
(bytes) (Kb/s) (Kb/s)

500 618.75 571.54 + 0.013
1500 618.75 606.65 + 0.008
4000 618.75 614.67 + 0.019

Table III
THEORETICAL AND MEASURED BIT RATES (AT THE TRANSMITTER SIDE)
FOR DIFFERENT PACKET SIZES, MODULATION IS BPSK, FFT=512,
CP=128, OccUPIED TONES = 200.

reported in the plots. Metrics used in order to evaluate our
testbed are the following: the number of bits received and
correctly received in the unit of time (Kb/s), and the percentage
of received, correctly received and lost packets.

B. Results

To being with, a comparison is presented between the
theoretical and measured bit rates. The theoretical bit rate is
given by:

bit rate = symbol rate - (occupied tones — 2) -

2

- bit per symbol - encoding rate, &
where the encoding rate depends on the Forward Error Cor-
rection (FEC)'. The symbol rate is given by:
T
—5 — 3.125 KHz, 3)
Tr
where 17 is the time to transmit an OFDM symbol and is
equal to 320us, while Ts is the time to transmit a symbol.
Af is the bandwidth of a sub-carrier and is given by:

2 MHz
A = =
! FFT length 512

In Table IV, the theoretical and the measured bit rates at the
receiver are depicted varying the modulation scheme. OFDM
parameters are as defined in the third row of Table II. In these
tests, the packet size was set to 1500 bytes. For smaller packet
sizes, lower bit rates were obtained because of the higher
overhead, as shown in Table III.

In order to understand how our testbed is affect by OFDM
parameters, in Fig. 7 the three configurations in Table II

symbol rate = Af -

sample rate

=3.90625 KHz.  (4)

IFEC has not yet been implemented, and therefore in this case the encoding
rate is equal to 1.
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Figure 7. OFDM parameters comparison

are evaluated. Note that the main difference between these
configurations is the ratio between occupied and unoccupied
carriers, and hence the bandwidth of the signal as shown
in Eq. (1). The comparison is by mean of percentage of
correctly received packets. We can notice how having more
space between occupied tones helps in synchronization and
hence the percentage of correctly received packet is the highest
with the third set of parameters. Hereafter, we set the FFT
length to 512, occupied tones to 200 and CP length to 128.
Figure 8 shows the comparison between the testbed working
with central frequency equal to 2.4 GHz or to 5.2 GHz. A
proper set of USRP parameters improves the performance
of the system in terms of bit rate. Knowing that at higher
frequencies the system needs more transmit power, the trans-
mitter amplitude is increased from 0.2 to 0.4 when the
system works at 5.2 GHz. Subsequently, a large set of tests
was carried out to assess the optimal USRP parameters, in
accordance with the suggestion in [16]. Due to limited space,
it is not possible to report all results, and therefore only the
main findings are listed. It was realized that the transmission
power should be kept as high as possible, except when the
transmitter and receiver nodes are very close, lets say one or
two meters apart and in line of sight. Regarding the receiver
gain, instead, values ranging in [40 — 80] produce the best
results in terms of percentage of received and correctly receive
packets. In any case, all aforementioned parameters depend on
the network topology and the central frequency used as shown
in Fig. 8. In order to perform the measurements described
in the Section IV-C, the optimal configuration for transmitter
amplitude, transmitter gain and receiver gain is sought.



1800
1600 et

1400 e
1200 \
1000
800
600 |

Bit Rate (Kb/s)

400 e
200 | @ :

QPSK
Modulation

Upper bound B 1 5.2GHz TX ampl = 0.2 -~
2.4GHz TX ampl = 0.2 —3— 5.2GHz TX ampl = 0.4 @~

Figure 8. Central Frequency Comparison
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Transmitter amplitude | 0.2 0.2
Transmitter gain 25 25
Receiver gain 60 80

Table V
SISO AND MRC OPTIMAL SETTINGS

C. SISO vs MRC performance evaluation

A set of tests was performed in order to compare a SISO and
a SIMO system. In a SIMO system, the channel experienced
by each receiver antenna is randomly varying in time and inde-
pendently from the channel experienced by the other receiver
antenna (if the two antennas are sufficiently separated). The
technique used in order to implement the SIMO system lies on
the principles of diversity combing, i.e., the MRC technique.
According to MRC, signals coming from different antennas are
multiplied by a weight proportional to the signal amplitude,
summed up together, and then normalized. Weights are chosen
so that strong signals are further amplified and weak signals
are attenuated.

A set of tests was performed to measure the performance
gain that one can obtain in practice by using MRC, with
respect to the simpler SISO alternative. Both systems were
tuned to their optimal configuration parameters, which are
reported in Table V, and the central frequency is set to 2.4
GHz.

A Signal to Noise Ratio (SNR) analysis was performed in
order to confirm the theoretical 3 dB array gain improvement
[2]. The array gain refers to the average increase in SNR at
the receiver that arises from the coherent combining of signals
at the transmitter or receiver. Alternatively, this is the gain
achieved by weighting the signals from each antenna based
on the knowledge of the channel state information. The SNR
was computed for each OFDM symbol in each received packet
as in Algorithml.

Figure 9 shows the frequency of observing different SNR
values during the experiment time, and the difference in dB

Algorithm 1: SNR Computation

for i = 0; © <occupied tones; i + +; do
| dist; = |received symbol — closest constellation symbol|

occupied tones

sum = 4 |dist;]? ;
i=1

SNR = 20 log;, \/%
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Figure 10. SISO vs. MRC, packet level analysis.

of the average SNR (PAOLO: is this the average SNR?) for
different modulation schemes. Comparing the SNR values of
the SISO and MRC cases, it is evident from the figures and
the table that the MRC achieves the theoretical 3 dB array
gain improvement irrespective of the modulation scheme.

In order to enhance the above mentioned findings, in Fig-
ure 10 the advantage in terms of the bit rate of a SIMO link for
different modulation schemes is shown. The Upper bound line
is the theoretical bit rate. Note that the bit rate improvement
depends on the modulation scheme and it is up to 400% with
QPSK modulation.

V. CONCLUSIONS

In this paper, hardware and software used in order to imple-
ment a SDR testbed were presented and briefly analyzed. The
software used was GNU Radio and the hardware Universal
Software Radio Peripherals produced by Ettus Research” .
Experiments were conducted and the results showed in order to
analyze OFDM, USRP and application parameters. The MRC
receiver diversity technique was implemented, confirming the
theoretical 3 dB array gain improvement over the SISO system
in this practical set-up, and showing up to 400% improvement
in bit rate with QPSK modulation.

The next steps in our MIMONet testbed development are
implementation of MIMO techniques encompassing spatial
multiplexing, interference suppression, and other diversity
techniques.
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