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Abstract—This paper proposes a novel propagation based
spectrum sensing method that utilizes beamforming for systems
equipped with antenna arrays. Since rays are known to arrive in
clusters, the arrival angles of the dominant ray clusters can be
exploited to improve the spectral sensing performances.
Moreover, from site-specific propagation characteristics, the
dominant ray angles can be predicted without additional
computational efforts in most practical environments. Numerical
results based on ray-based channel models show that the
proposed beamforming detection method (with or without
dominant ray angle prediction) is superior to the conventional
energy detection method. Numerical results also show that
decreasing the angle spread, enhances the performance of the
proposed method. The computational complexity and latency of
the proposed method is the same as the conventional energy
detection method when using dominant ray angle prediction, but
increases slightly without prediction.

Keywords-component; Angle of Arrival, Beamforming, Cognitive
Radio, Dominant Ray, Propagation Site-specific, Spectrum Sensing.

L INTRODUCTION

Cognitive Radio utilizes opportunistic spectrum access to
allow for a greater number of users. It enables secondary users
to make use of the unused spectrum in the pre-allocated bands
for primary users (e.g., see [1, 2]). These secondary users may
find opportunities to communicate in frequency, time,
geographical space, code and angle [1]. To fully utilize these
opportunities, a robust spectrum sensing method must be
employed to test whether the spectrum in question is available.

Spectrum sensing can be divided into feature based and
non-feature based sensing [1]. Feature based sensing takes
advantage of the features of the primary user’s signal. Some
examples are cyclostationary based (e.g., see [3]) and
waveform based sensing (e.g., see [4]). Cyclostationary based
sensing utilizes the periodicity of the signal and signal statistics
such as mean and autocorrelation. Waveform based sensing
utilizes the known signal patterns in wireless systems. A non-
feature based sensing method is energy detection (e.g., see [5]),
but its major drawback is a sensitivity to noise uncertainty.

In [6], propagation issues for cognitive radio are surveyed,
but to the best of our knowledge, propagation features have not
been taken advantage of in spectrum sensing. We propose in
this paper to exploit propagation features (specifically the
angles of dominant arrivals) for spectral sensing. To do so, a
multiple antenna setup is required. Note that multiple antennas
have been employed for cooperative sensing, in which they

cooperate to make decisions on whether a primary user is
present. Advantages of cooperative sensing are a greater
resilience to noise uncertainty and fast fading [1]. In data
fusion, a type of cooperative sensing where antennas are spaced
far apart, the received signals are generally considered
uncorrelated and many schemes have been proposed to
combine the data from each antenna non-coherently [7]. If an
antenna array is employed, the antennas may be correlated. In
[8, 9], the antenna correlation is utilized for spectral sensing
based on statistical channel models. Consequently, propagation
characteristics are not taken advantage of.

This paper proposes a novel beamforming detection method
to exploit the propagation characteristic of rays arriving in
clusters. This characteristic has been well documented and is
seen in measurements of the radio channel [10, 11]. In some
propagation scenarios, the arrival angles of the dominant ray
clusters can be predicted without additional computation efforts
based on site-specific propagation characteristics. In all other
scenarios, angles of arrivals have to be searched for.

Both ray-based and statistical channel models are used to
assess the effectiveness of the proposed beamforming method.
This is because a ray-based channel model (as depicted in Fig.
1) has greater accuracy in portraying the site-specific
propagation characteristics, while a statistical model is more
convenient for characterizing the spatial and/or time
correlations. Note that the statistical model does not account for
propagation characteristics explicitly and therefore cannot be
used to model site-specific propagation accurately.

In Section II, the ray-based and statistical channel models,
and the energy and beamforming detectors are derived. The
site-specific ray characterizations are summarized in Section III
for both cellular and  mobile-to-mobile (MTM)
communications in rural and urban environments. Results and
analyses for simulations that mimic these environments and
utilize energy and beamforming detection spectrum sensing
methods are presented in Section IV. Conclusions are drawn in
Section V.
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Fig. 1 A moving antenna array.
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II.  FORMULATION

Consider a uniform linear array with M receiving antennas
to detect a primary signal with carrier frequency f. as seen in
Figure 1. The linear array is moving with a constant speed v.
Let the angle between the moving direction and the orientation
(i.e., end fire direction) of the linear array be £ and d be the
spacing between two adjacent antennas. Also let C denote the
speed of light and A (=C/ f.) denote the wavelength. The
received signal y,, m=1,2,...,M, at the m" antenna can be
expressed as

Vu(0) = ah, ()s(2) +n,(2), (1)
where /,, is the channel response and #,, is the additive zero-
mean white Gaussian noise. A flat fading channel is assumed
and s(?) is the transmitted narrowband signal. In (1), & =1 if
the primary signal is present and is zero otherwise. The spatial
correlation of the received signal is given as

Y
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where m and [ denote the m” and /" antennas in the antenna
array, Ar is the sampling interval and QAr is the total
observation time. The approximation in (2) is valid only when
the corresponding process is ergodic and both Arand Q are
appropriately chosen. Note that the energy received at the m”
receiver antenna is R, .

A. Ray-Based Channel Model
If there are [ rays, the channel response is represented as
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where a;, 6, and f; are the complex amplitude, arriving angle
and Doppler frequency shift of the i rays. The Doppler
frequency shift can be written as

fi= FocosO=P). o= “)
where fp is the maximum Doppler spread.

B. Statistical Channel Model

Without loss of generality, the channel response 4 (¢) is
assumed to be a complex Gaussian random process with zero
mean and o’ variance. The spatial correlation between the
channel responses at the m"” and /" antennas is

Ry ()2 Eth (0K (1)} = p" ", vl =1,.,M  (5)

m

where p is the antenna correlation coefficient between
adjacent antennas in the receiving antenna array. The time
correlation between the channel responses at time #; and time
L=ttt is

A

R, (t=t,—t)2 E{h, (t)h,(t)}=0%e T , Vm=1,..,M (6)
where T is a time constant.

C. Energy Detection

The conventional energy detector is implemented as
follows:
1 M

H,: m >R, ,,<n; primary signal is not detected (7a)
m=1

M
H, :isz.mm >n; the primary signal is detected (7b)

m=1

where 7 is the threshold.

D. Beamforming

A conventional beamformer is

y,(0)= ﬁz v, (t)exp[ j2r(m - 1)%0054 8)

where ¢ denotes the beamforming direction. The Angle
correlation of beamformings at ¢ and ¢ is given by
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with the same assumptions of ergodicity and appropriate
At and Q. The beamforming detector is

H,: mgzx{R;; M} <y, primary signal is not detected (10a)

H,: mgzx{R;;W} >y, primary signal is detected (10b)

where y is the threshold.

III.  APPLICATIONS AND SITE SPECIFIC CHANNEL MODELS

Wave propagation characteristics depend heavily on the
height of the transmitting and receiving antennas relative to the
surrounding buildings or objects in the vicinity. For
convenience, we characterize a communication link as line-of-
sight (LOS) or non-line-of-sight (NLOS) by the visibility
between the transmitter (Tx) and receiver (Rx) antennas. For
LOS links, the dominant rays are a direct ray and possibly a
ground reflected ray [11, 12]. Therefore the predicted direction
of arrival is in the direction of Tx. The channel response will be
modeled by a strong ray cluster with some other weak rays.
Here, the angle of the strong ray arrival is known and is set to
be zero. The remaining section will be devoted to discussions
of scenarios with NLOS links.

A.  Cellular Communications

In macro-cellular cells, the transmitting antenna is high
above the rooftops in urban environments or is higher than the
surrounding objects in rural environments. In micro-cellular
cells, the antenna is usually near the building heights. It is
thought to be difficult to predict the dominant ray paths for
links in typical macro-cellular and micro-cellular cells, but
measurements in [11] show that in some NLOS scenarios,
dominant rays travel along the streets. In this paper, the channel
response for our numerical simulations will be modeled by
summing over a random number of ray clusters.

B. MTM Communications

MTM communications are implemented and used in
military communication systems and ad-hoc networks. Note
that MTM communications are characterized by low
transmitting and receiving antenna heights. Depending on the
type of environment and the type of link, the dominant rays can
be characterized to travel on specific paths in urban and rural
environments.



Fig.2  Ray Paths in an Urban Environment

Urban environments can be further categorized as low-rise
buildings, high-rise buildings or a combination of the two. In
[13], simulations have shown that the transition from low-rise
to high-rise building environments occurs from 9 m to 18 m or
3 stories to 6 stories (1 story = 3 m). Environments with
average building height below this region can be considered
low-rise and above this region can be considered high-rise.

1) Low-rise Urban Environments

In the case of low-rise building environments, the mobiles
are very close to the average building height, so rays in or close
to the vertical plane containing the mobiles, depicted by dashed
lines in Fig. 2, will frequently give the dominant contribution
[14]. Therefore rays will arrive from the direction of Tx. The
channel response will be modeled by a strong ray cluster with
some other weak rays. However, the angle of the strong arrival
is not necessarily known.

2) High-rise Urban Environments

In the case of high-rise building environments, the mobiles
are far from the building heights. The dominant contribution to
received power often comes from rays that propagate in the
street canyons, depicted by solid lines in Fig. 2, by diffracting
at the building edges of the intersections [15], scattering from
long vertical objects [16] and reflecting off of the buildings
lining the street. These rays will arrive at different angles, but it
is expected that the diffraction from the corners and scattering
from objects like lamppost located at the corners will give the
dominant rays. If the width of the street is w and the receiver
distance from the intersection is D, the total range of angles is

0 :2tan’l(%/2] . (11

If D is much larger than w/2, @

at an intersection are expected to arrive in a cluster. Assuming
an ideal environment where the blocks are in uniform
rectangular shapes, dominant rays may arrive from along the
street on either or both sides of the antenna array. Thus, the
channel response will be modeled by two strong ray clusters
with some other weak rays. The angles of these two strong ray
arrivals are known and are set to be zero and =, respectively.

is small. Thus, rays turning

3) Rural Environments

The TIREM model is well accepted in computing the small
area average path gain in rural mountainous environments
[17]. It only looks at the terrain profile in the vertical plane
containing Tx and Rx, so it is expected that the dominant rays,
similar to urban low-rise environments, will arrive from the

direction of the mobile. Thus, the channel response will be
modeled by a strong ray cluster with some other weak rays.
However, the angle the strong ray arrival is not necessarily
known.

IV. SIMULATIONS AND ANALYSIS

Simulations are made to mimic different environments
discussed in Section III. For each simulation, a total number of
200 realizations of channels were done to calculate false alarm
rate (probability of the event that signal was detected, but is not
present; P(H |H,)) and the missing packet rate (probability of
the event that signal was not detected but is present; P(Hy|H)).
For each channel realization, 5000 samples are made in 5 ms,
the number of antennas M is either 2 or 4, and the receive SNR
of instantaneous power is -20dB. In each case, false alarm rate
versus missing pack rate is plotted over the whole ranges of
thresholds 7 in (7) and y in (10).

A. Ray-Based Channel Simulations

To generate the channel response in (3), the antenna array is
oriented with the mobile moving direction (=0), the maximum
Doppler spread is 100Hz, the antenna spacing is half
wavelength and the angle spread of each ray cluster is around
10 degrees (W/D =~ 0.175).

Along with the energy detection curve, there are two types
of beamforming. When the arrival angle of the dominant ray is
not known, the beamforming in (8) will be performed over
twelve ¢ angles (in between 0 and 7) and the angle with the
largest beamforming energy will be selected to perform the
spectral sensing test in (10). This result will be denoted as
Beamforming. On the other hand, when the arrival angle of the
dominant ray is predicted, the beamforming energy at that
particular angle will be used to perform the spectral sensing test
in (10). This result will be denoted as Peak BF.

Fig. 3 shows results for environments with one strong ray
cluster. When the angle of the strong arrival is known (Peak
BF), the scenario represents the LOS links for both cellular and
MTM communications in all environments. When the angle is
not known (Beamforming), the scenario represents the NLOS
links for MTM communications in low-rise urban or rural
environments. Fig. 4 shows results for environments with two
strong ray clusters. When the angles of the two strong arrivals
are known (Peak BF), the scenario represents the NLOS links
for MTM communications in high-rise urban environments.
When the two angles are not known (Beamforming), the
propagation scenario, may be seen in micro-cellular
communications when there can be a rooftop diffracted ray and
a rooftop diffracted then reflected ray. Fig. 5 shows results for
environments with six strong ray clusters. Fig. 6 shows results
for environments with many uniformly distributed ray clusters.
The Beamforming scenarios in both Figs. 5 and 6 represent
possible NLOS links for cellular communications in both
macro and micro cells. The Peak BF scenarios in both Figs. 5
and 6 are not typical and are not discussed in Section III.

B. Statistical Channel Simulations

For the statistical channel models, the normalized spatial
correlations (p in (5)) are 0.2 and 0.8 for Figs. 7 and 8§,
respectively. The time constant T in (6) is 0.1.



C. Analysis

When the number of antennas increases in Figs. 3-8, the
missing packet rate and false alarm rate decrease for all
methods. This result shows the obvious benefits of a multiple
antenna receiver.

For the ray-based channel model results (Fig. 3-6), the two
beamforming detection approaches (Peak BF and
Beamforming) are clearly better than Energy detection for
scenarios where dominant rays arrive in a few clusters. When
the angle of the dominant ray cluster can be predicted, the Peak
BF outperforms Beamforming. As the number of ray clusters
increase or equivalently angle spread increases, Peak BF loses
its superiority. The primary reason is with SNR kept constant,
the power is spread out more evenly among the ray clusters and
the power in the direction of the dominant ray decreases.
Therefore, Peak BF and Beamforming performances decrease,
but still outperform Energy detection.

Note that in Figs. 3-6, Energy detection curves for M=2 and
M=4 remain relatively unchanged as the number of ray clusters
increased. This behavior is caused by the non-uniformity of ray
amplitudes. With non-uniform ray amplitudes, correlations
between antennas are not very sensitive to increases in the
number of ray clusters. Therefore, diversity gain only increases
slightly as the number of ray clusters increases and the Energy
detection curves in Figs. 3-6 remain relatively unchanged.

There are two key observations from Figs. 7-8. Firstly, using
the statistical channel model, Beamforming detection does not
give good results (Peak BF has no physical meaning and is not
shown). This is because statistical models cannot account for
propagation characteristics directly, especially the arrival
angles. Secondly, as correlation decreases (or as diversity gain
increases) between antennas, Energy detection performance
increases. Since there is less correlation, even if one antenna
does not give good results, other antennas may be able to
compensate.

D. Complexity and Latency

With the ray-based channel model, Peak BF and
Beamforming have superior performance over energy
detection, but what are the drawbacks of implementing such
detectors? Basically, there are no drawbacks. Note that the
number of time samples required is the same for FEnergy
detection and both beamforming approaches. Thus, Peak BF is
of the same computational complexity and latency as energy
detection. Beamforming is twelve times that complexity and
latency because twelve angles are tested. Even if the Peak BF
is not applicable, the increase in computational time for
Beamforming is still acceptable.

V. CONCLUSION

This paper has proposed a novel beamforming detection
method to exploit propagation characteristics for spectrum
sensing. Numerical results of a ray-based channel model at
instantaneous power SNR equal to -20 dB for beamforming
detection, either with prediction (Peak BF) or without
prediction (Beamforming) of the dominant ray angle, has been
shown to be superior to Energy detection. When a statistical
channel model is employed, Energy detection performs better

than Beamforming, because the statistical model does not
capture the ray clustering propagation characteristic, especially
the angles of arrivals. Since it is known from measurements
that signals do arrive in clusters for a wide-range of
communication scenarios (mobile-to-mobile, macro-cellular
and micro-cellular), the use of a ray-based channel model
results reflect the true physics in practice. The computational
complexity and latency for Peak BF are the same as Energy
detection, but increase slightly for Beamforming. Therefore,
our proposed method is expected to provide the efficiency
needed for practical implementations.
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