
r a t e ( B E R ) i s p r e s e n t e d w i t h r e s u l t s f o r G S I C u s i n g A l a m o u t i

and G4
c codes.

I. INTRODUCTION

In a variety of scenarios, it is difficult or impossible for
individual nodes in a wireless sensor network (WSN), as
depicted in Fig. 1, to achieve link connectivity to a stand-
off collector due to limited transmit power. While temporal
coding or higher transmit power can be used to increase
connectivity, these solutions are counter to the spirit of low-
cost embedded wireless nodes. In addition, a WSN may only
infrequently need to reach a receiver that is not co-located;
it is not cost-effective to equip nodes with capabilities that
will be rarely used. In this paper we provide an operational
overview of our cooperative MIMO concept, discuss the GSIC
algorithm for the difficult problem of joint channel/carrier
offset/delay estimation, and address baseband implementation
in reconfigurable hardware.

We consider the network in Fig. 1 with Ns single-antenna
sensors and an uplink to an Mc element collector node. It
is assumed that the Ns sensors have a common pool of
data b to transmit, representing for example the estimated
position/velocity of a jointly tracked target (labeled Event
in the figure). Cooperative MIMO has been proposed as a
method for achieving longer range and/or lower power by
forming a virtual array with the sensors [1][2][3]. However,
unlike point-to-point MIMO, the sensors cannot phase-lock
their upconverters or symbol clocks, and thus these parameters
must be jointly estimated with the MIMO channel. The GSIC
algorithm [4] is a pragmatic solution to this difficult separable
signal problem, and is based on successive correlation and
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Fig. 1. Overview of operational concept.

cancellations to eliminate the exponential increase in estima-
tor complexity using the optimal maximum-likelihood (ML)
method. Specifically, each stage of GSIC corresponds to the
single sensor ML solution for channel/offset/delay estimation
based on cancellation of previously estimated sensor received
waveforms.

In order to rapidly evaluate GSIC performance, a hybrid
analysis/simulation method for BER evaluation is presented





V. HARDWARE DESIGN

Applying an OSTBC to a distributed array of sensors
represents a significant advancement in complexity in terms
of the communications protocol and link setup. Naturally, the
hardware design must be able to provide the needed feature set
in order to implement such an architecture. The two principle
considerations are timing and frequency offsets.

Obviously, if there is poor time synchronization then the
sensor OSTBC signals will not be time-aligned at the collector,
resulting in a loss of orthogonality and the introduction of
inter-symbol interference (ISI). The timing problem is dealt
with by using a high oversampling rate for good delay
resolution, and downlink timing control. The GSIC-derived
delay estimates are then used to calculate the appropriate
sensor symbol clock corrections. Alternatively, a common
synchronization beacon can be used; this can be sent by
either the collector or a local sensor node. In either case,
oversampling rates of Nd ≥ 16 are needed in order to maintain
timing synchronization. Alternative techniques, such as the use
of the global positioning system (GPS), have been explored
but lack the fidelity for the target rates of our hardware.

The complexity of the joint frequency-offset estimation
problem is driven by the absolute maximum offset between
the sensor node and collector, level of fidelity, and number
of sensor nodes. Driving the overall design is the maximum
frequency offset level for which we must compensate. Our RF
design offers a production capable 0.5 parts per million (PPM)
maximum offset at the carrier frequency with a maximum of
4.5 PPM after ten years of operation. Thus, while we will
typically encounter offsets that are a maximum of 1 kHz,
we must be able to provide compensation for up to 10 kHz
over the life of the equipment. These considerations, and the
required fidelity of the tolerable frequency offset in channel
tracking, drive the required search range of our frequency
offset estimation.

The overall architecture of the collector demodulation is
shown in Figure 2. In terms of the GSIC algorithm, our
primary area of consideration is the timing and frequency
estimation block. The collector antennas are co-located and
hence have high correlation in their receive channel statistics.
Furthermore, the separate collector RF sections are driven by
a single VCO meaning the relative offsets at each collector
antenna are the same. In Tables II and III we show the
relative resource use and power consumption for the different
portions of our FPGA baseband processing design. Note that
a 50 MHz clock speed is used. The most expensive portion
of the design is the single-stage GSIC (correlation method
without cancellation), which provides timing and frequency
offset estimates. This process involves a sample-by-sample
multiplication with the training sequence and then an FFT. The
output of the FFT provides an indication of the degree to which
the received signal is correlated with the training sequence
(indicating timing) as well as the frequency (indicating offset).

The primary operation in GSIC is the correlation/FFT
operation. From Table I, the columnwise correlations of R
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Fig. 2. Collector demodulation architecture.

can be written as (Matlab notation)

R(:, i)T p∗
q(τl, δωl)

=
NcNd−1�

m=0

R(m, i)sl(mTs − τl)e−i2πδωlmTs , (16)

where sl(mTs − τl) =
� Nc−1

q=0 sl(q)p(mTs − qT − τl) is the
effective training sequence modulated by the pulse function.
By quantizing δωl to the integer FFT frequencies and zero
padding if necessary, (16) is (a) the Hadamard product of
the received samples per antenna with the training sequence
sl(mTs) followed by an FFT which simultaneously performs
the required correlation. We note that the throughput of the
overall design is constrained by the FFT operation as it must
operate at the oversampled rate, whereas all other portions of
the design operate at the symbol rate. There is a trade-off in
terms of latency (throughput) versus resource use in the FFT.
That is, if higher degrees of parallelism are used then there is
a throughput increase, with the corresponding requirement of
additional hardware resources.

VI. RESULTS AND CONCLUSIONS

The analysis/simulation error rate approximation (13) was
computed for cases of (a) Ns = 2 sensors using the Alamouti
code and (b) Ns = 4 sensors using G4

c in [5]. A collec-
tor with Mc = 4 antennas was used for both codes. In
addition to GSIC estimation, a correlation method was also
employed. Correlation corresponds to the first GSIC iteration
only and thus excludes subsequent cancellation steps. At each
simulation iteration, a channel/offset estimate was computed
based on Nc = 63 length quasi-orthogonal Gold sequences
transmitted by each sensor. The channels {hk} were generated
independently on each iteration as circular Gaussian with unit-
variance elements. The conditional BER (13) was then time-
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