CONCLUSION

In this paper, we have presented the original results of a comparative analysis of different types of coaxial excitation of the TM01l
mode in a cylindrical cavity containing a spherical lossy load (a
fruit) and considered various factors inﬂuencing on the efﬁciency
of coupling and the patterns of dissipated power. It appears that
due to its rather wide resonant characteristics (not too sensitive to
minor changes of some design parameters), the 915-MHz structure
shown in Figure 3 may be chosen as a suitable basic unit of a
practical device for thermal processing of various spherical fruits
in the temperature range at least from 20° to 60°C if they possess
approximately the same diameter.
The presented approach, which takes care of both energy coupling and patterns of dissipated power, can be used in a similar
manner for electromagnetic modeling of realistic systems of microwave thermal processing. Through a series of virtual experiments, it can be remarkably beneﬁcial to the engineering design of
complex microwave applicators.
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ABSTRACT: A multiple input, multiple output (MIMO) diffuse optical
communications link is implemented and evaluated using a 2 ⫻ 2 Alamouti-type space-time coding scheme to increase link performance beyond
that of single input, single output (SISO) and multiple input, single output (MISO) systems. We present a representative proﬁle of received
power versus distance, and comparative bit-error probability performance. © 2006 Wiley Periodicals, Inc. Microwave Opt Technol Lett
48: 1108 –1110, 2006; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.21558
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INTRODUCTION

Modern ofﬁce environments have an expanding demand for wireless local area networks (LANs). Traditionally, these networks
have been implemented using radio frequency (RF) communication methods. RF networks provide a wide coverage area, supporting mobile users at data rates up to hundreds of Mb/s. However,
the broad coverage of RF networks presents security risks and
signiﬁcant interference concerns. Due to these limitations, the use
of RF radiation is strictly regulated, thus severely restricting the
available bandwidth. In this paper, we present the use of infrared
(IR) diffuse optical signaling to overcome the inherent limitations
of RF communications. While IR-based communication systems
are not typically employed due to received signal-power limitations, alignment issues, and low data rates, we propose the use of
multiple input, multiple output (MIMO) signal-processing techniques to overcome these limitations and enable high-performance
diffuse optical links. Using IR light as the transmission medium,
we create a picocellular coverage area within an indoor ofﬁce-type
environment using a standard ceiling as a diffusing surface. IR
light is constrained by the physical boundaries of a room, creating
a tightly contained coverage area that presents a signiﬁcant security and frequency/network planning advantage over RF-based
networks. This IR system also reduces interference concerns that
allow the IR band to be unregulated worldwide, thus creating the
potential for virtually unlimited bandwidth [1]. By incorporating
multiple transceiver elements and MIMO STC techniques, we
hope to achieve data rates that meet or exceed current RF LANs
with signiﬁcantly improved security and ease of deployment.
MIMO OPTICAL SPACE-TIME CODING

Transmitting IR light onto a diffusing surface, such as an ofﬁce
ceiling, causes it to scatter, thus creating various multipath components. Previous diffuse optical MIMO link research has incorporated multispot diffusion methods to reduce the reception of
multipath components. Our work is unique in that we have employed MIMO STC techniques to productively utilize the “crosstalk” and multipath-signal environment that generally limits conventional optical communication systems. Adapting the 2 ⫻ 1
Alamouti-type encoding method, we derive a maximum-likelihood
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decision rule for a 2 ⫻ 2 diffuse optical MIMO conﬁguration.
Speciﬁcally, for i 僆 {1, 2}, we can choose x i ⫽ x̂ i iff:
2
2
2
2
⫹ h 2,1
⫹ h 1,2
⫹ h 2,2
⫺ 1兲 x̂ 2i ⱕ 共 x̃ i ⫺ x i兲 2
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2
2
2
2
⫹ 共h 1,1
⫹ h 2,1
⫹ h 1,2
⫹ h 2,2
⫺ 1兲 x 2i ,

(1)

where x i is the transmitted on– off keyed symbol, x̃ i is the maximum-likelihood decision statistic, and x̂ i is the estimated transmitted signal at the receiver. The propagation channel coefﬁcient from
the b th transmitter to the a th receiver is given by h a,b . In contrast
to RF-MIMO systems, the channel coefﬁcients for an IR-MIMO
system are real, nonnegative values.
Our method uses a training period to characterize the communications channel and calculate the instantaneous channel coefﬁcients (h a,b ) with each packet transmission. During the training
period, each transmitter element is driven individually. These
alternating pilot signals allow the receiver array to estimate all of
the channel coefﬁcients used in Eq. (1). After the training sequence, the Alamouti encoded payload is simultaneously sent by
both independent and spatially separated transmitters. The transmitted signals utilize unique, but correlated, paths to each of the
spatially separated receiver elements. Bit values are decoded by
applying the channel coefﬁcients determined during the training
period and received signal to the decision rule in Eq. (1).
To evaluate the bit-error-rate performance, we derive the biterror probability conditioned on channel knowledge (CBEP) obtained during the training interval for the maximum likelihood
receiver from Eq. (1):

冉冑

CBEP ⫽ Q

冊

Eb T
hh ,
2N0

(2)

where Q( x) is the Gaussian Q-function, E b /N 0 is the total bit
energy to noise ratio, and h ⫽ [h 1,1 , h 1,2 , h 2,1 , h 2,2 ] T .
We can evaluate the potential of differing levels of transmit
diversity by considering a variable number of channel coefﬁcients
in the decision rule in Eq. (1) and the CBEP in Eq. (2). For
example, a conventional single input, single output (SISO) architecture can be evaluated using only the h 1,1 terms of the two

Figure 2 Comparison of bit-error performance with different transmitter-to-receiver distances and variable levels of transmit and receive diversity. [Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

equations. Similarly, the h 1,1 and h 2,1 terms can be used to
consider a multiple input, single output (MISO) architecture. To
provide a fair comparison between SISO and MISO/MIMO conﬁgurations, power normalization was performed by scaling E b to
ensure that total transmit power was constant for both single- and
multiple-transmitter conﬁgurations.
EXPERIMENTAL TESTBED

We have developed a ﬂexible experimental diffuse optical MIMO
testbed with which we can test the performance of the MIMO STC.
The baseband of our system is a software-deﬁned radio making use
of high-speed arbitrary-waveform generators and digitizers from
National Instruments. Infrared emitting diodes (Vishay
TSHF5400) and photodetectors (Vishay TESP5700) were used to
implement the transmitter and receiver arrays, respectively. We
have performed several channel sounding experiments to characterize the diffuse optical MIMO channel and evaluate the performance of the testbed, implementing the methods described above.
Figure 1 shows a plot of the received power versus transmitter-toreceiver distance. In Figure 2, we compare the CBEP for several
test cases: a 1 ⫻ 1 SISO link, a 2 ⫻ 1 MISO link, and a 2 ⫻ 2
MIMO link. The experiments were conducted in an indoor laboratory environment with no special preparation or treatment on the
walls or ceilings to enhance the propagation of multipath-signal
components. Although the results presented in this paper were
conducted without the presence of ambient lighting, the qualitative
results remain unchanged when ambient is introduced. The results
are discussed below.
RESULTS

Figure 1 Plot of received power vs. distance using 120 mW per transmitter element. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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The coverage-area plot shown in Figure 1 shows that we can
maintain sufﬁcient received power levels to reliably detect a pilot
signal from a transmitter with an output power of 120 mW at a
distance of 7 feet. Beyond the 7-foot threshold, the receiver was no
longer able to detect a pilot signal over the ambient noise. This is
consistent with our notion of a secure picocellular coverage area.
The size of the coverage area could be increased by increasing the
transmitter power or through the use of better ampliﬁcation at the
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receiver. Current research is focused on the construction of more
sophisticated transceiver electronics in order to allow for larger
(and adjustable) access-point coverage areas. In the relatively
short-range indoor ofﬁce environment in which the experiments
were conducted, we observed that the measured channel coefﬁcients, h, could be modeled as correlated Gaussian random variables.
In Figure 2, we observe the effects of transmitter-to-receiver
distance on the CBEP over the range of E b /N 0 measured during
the ﬁeld experiments. We also compare the CBEP performance of
the diffuse optical link under SISO, MISO, and MIMO conﬁgurations in order to quantify the beneﬁts of additional levels of
system complexity. As expected, when the transmitter-to-receiver
distance is ﬁxed, there is increased CBEP performance when
switching from SISO to MISO to MIMO conﬁgurations. However,
the beneﬁt of using MISO over SISO is relatively small. This result
can be explained by noting that total transmit power was held
constant for single- and multiple-transmitter conﬁgurations. Furthermore, these results show that diffuse optical space-time coding
with transmit diversity alone is not enough to yield an appreciable
performance increase. The use of both transmit and receive diversity in a MIMO conﬁguration, however, improves CBEP performance given equal levels of transmitted signal power. As Figure 2
shows, MIMO processing allows the larger transmitter-to-receiver
link to outperform a conventional SISO link of a smaller distance.
Thus, MIMO techniques can signiﬁcantly increase the effective
range of a diffuse optical access point without the need for additional signal power.
CONCLUSION

Diffuse optical links provide a more secure alternative to traditional RF systems by providing a tightly contained wireless coverage area. By applying MIMO space-time coding to diffuse
optical communication links, we can utilize the various multipath
components to reduce the CBEP, thereby increasing the achievable
data rate. Using our experimental testbed, we veriﬁed our MIMO
space-time code to show a proof-of-concept diffuse optical MIMO
wireless link providing a secure picocellular coverage area with a
7-foot radius. We demonstrated that the application of our 2 ⫻ 2
MIMO STC outperforms both the SISO and MISO conﬁgurations.
Further research in this area will consider the impact of different
transceiver array geometries (spacing, orientation, and so forth),
error-correcting codes, and adaptive power control on the performance of the MIMO free-space optical link.
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ABSTRACT: A new planar slotted-patch resonator is proposed for RF
and microwave bandpass ﬁlter design. The novelty of the proposed resonator is that it can reduce the size of the ﬁlter signiﬁcantly. It is found
that the resonant frequency of the resonator is reduced (for example, by
61%). A dual-mode ﬁlter operating at 2.39 GHz with 1.7% bandwidth
and a three-pole bandpass ﬁlter operating at 2.375 GHz with 8.8%
bandwidth are designed and fabricated. The measured results agree
very well with the full-wave EM simulation. © 2006 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 48: 1110 –1112, 2006; Published online in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.21557
Key words: slotted-patch resonator; dual-mode ﬁlter; bandpass ﬁlter;
miniaturization; multilayer
1. INTRODUCTION

Modern microwave communications systems, such as satellite and
mobile communications systems, challenge bandpass ﬁlters with
more stringent requirements—low loss, compact size, and low
cost. Since the concept of microstrip dual-mode bandpass ﬁlter
was proposed in the early 1970s by Wolff [1], it has been widely
used in wireless communications systems requiring high-quality
narrowband bandpass ﬁlters.
The square-patch resonator has been widely applied to antenna
design [2]. However, it is difﬁcult to be used in the design of
planar circuits (for example, ﬁlters) because of the high radiation
loss and low Q-factor, as compared to its ring counterpart. A patch
resonator etched by a pair of crossed slots was proposed in [3] for
the design of a size-reduced CP patch antenna. In [4], the structure
was successfully utilized in the design of a dual-mode bandpass
patch ﬁlter by suitably selecting the unequal cross-slot lengths
along the two orthogonally diagonal planes, demonstrating simultaneous size and loss reduction. In [5], an inductively loaded
cross-slotted patch resonator was presented to build up a miniaturized dual-mode bandpass ﬁlter and its size was reduced to /4.
In [6], one miniaturized slotted-patch resonator was designed by
the optimal use of a vertical coupling mechanism and transverse
cuts and utilized to realize three- and ﬁve-pole bandpass ﬁlters via
the novel 3D deployment of single-mode patch resonators.
In this paper, we form square slots in addition to the crossed
slots, as illustrated in Figure 1, to further reduced the size and
radiation loss of the patch resonator. A comparative study is ﬁrst
carried out to exhibit the resonant frequency of several types of
slotted patch resonator. A dual-mode ﬁlter with patch size of less
than /5 is designed. Then a three-pole bandpass ﬁlter is implemented in a multilayer conﬁguration. The coupling of the feederto-patch and patch-to-patch are largely raised, thus giving the
potential of widening the passband. The ﬁlters are fabricated and
measured to validate the predicted performance.
2. MINIATURIZED SLOTTED PATCH RESONATOR

Here we study the resonance behaviors of the four single-mode
patch resonators shown in Figure 2, namely, resonators (a)–(d),
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