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Abstract—A  parallel, multi-resolution spectrum sensing
technique that is amenable to multiple-antenna cognitive
radios is introduced. We show that for energy-detector-type
spectrum sensors, the total sensing time due to FFT latency is
reduced by 100 times using the proposed method versus the
fixed-resolution, serial detection method employed in single-
antenna systems. System-level tradeoffs such as the number of
antennas, sensing bandwidth, and FFT size are also explored.

1. INTRODUCTION

Traditionally, radio transmitters are constrained to
operate within a band of frequencies that has been set aside
for their sole use by regulatory bodies (so-called licensed
bands). But with many legacy technologies present, and with
many new wireless standards on the horizon, the 1-10GHz
spectrum is quickly becoming saturated. Recent
measurements, however, show that actual spectrum usage
varies between 15% and 85% based on the location and time
of day [1]. This has led to the notion of ‘cognitive’ radios
that are capable of recognizing unused frequencies, or ‘white
spaces,” and opportunistically using them until a licensed
primary user needs them. The cognitive radio has the ability
to move then to another unused frequency, thus using the
available spectrum more efficiently. In this paper, we
introduce a new multi-resolution parallel sensing algorithm
for use with multiple-antenna OFDM transceivers and
discuss system-level tradeoffs relating to sensing time.

II.  SPECTRUM SENSING CONSIDERATIONS

An unlicensed cognitive radio enabled user in a given
frequency band must not cause harmful interference to
primary users. This requires that the cognitive radio be able
to sense the available frequency spectrum for primary users,
in addition to other cognitive radios, and decide upon a
suitable transmission frequency. Moreover, once a suitable
transmission frequency is found the cognitive radio must be
capable of vacating that frequency as soon as a primary user
is detected.

Typically, the total system bandwidth, Bgys, is large
enough that it cannot be digitized and processed all at once
due to limitations of the analog-to-digital converter (ADC).
Hence, the system bandwidth must be processed in smaller
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blocks, each having a smaller bandwidth Bg;x. In order to
adequately detect a primary user, the cognitive radio must
have a minimum sensing frequency resolution of Fpgg. It is
assumed here that the primary user can have variable
bandwidths.

There are two architectural options for implementation of
the sensing function. The first is to have a completely
separate receive chain for spectrum sensing. This allows the
radio to perform continuous spectrum sensing that results in
immediate detection of new primary users, but at an
undesirable cost in chip area and power consumption. A
second, more practical solution is to integrate the spectrum
sensing hardware into the transceiver [2], [3], which results
in a relatively small increase in area and power consumption
as most of the sensing hardware is also used for data
reception. In addition, with the proper choice of sensing
period, which needs to be set by a regulatory body, the
cognitive radio still avoids interfering with the primary user.

Given that the sensing hardware should be shared with
the receiver as much as possible, two main methods for
spectrum sensing have been described in the literature:
energy detection [2], [4] and feature detection [5]. Energy
detection is implemented by averaging frequency bins of an
FFT. Feature detection, on the other hand, exploits the
periodicity present in modulated signals. Although these
sensing techniques differ in implementation, they have two
characteristics in common: they sense Bgys/Bp x number of
blocks in series and Bpx is the widest bandwidth that can be
processed at a resolution of Fygs Furthermore, Bp; x typically
remains constant over the duration of the spectrum sensing.
This leads to long sensing times and, consequently, a lower
average data throughput. The average throughput is further
degraded if the system bandwidth is large (e.g., 3-10GHz) or
if the necessary sensing resolution must be very fine.

The total sensing time is reduced using a multi-resolution
sensing technique wherein the total system bandwidth is first
sensed using a coarse resolution. A fine resolution sensing is
then performed over a small range of frequencies. This
technique not only reduces the total number of blocks that
must be sensed, it also allows the cognitive radio to avoid
sensing the entire system bandwidth at the maximum
resolution. Hur, et al. [6] propose a multi-resolution sensing
technique in the analog domain using wavelets. In our
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approach, an FFT-based energy detector is used for the
reasons explained below.

In addition to multi-resolution sensing, parallel sensing
can be employed to further reduce the total sensing time. It
requires multiple data-chains at the receiver and, hence, is
amenable to multiple-antenna receivers. In the case of an M-
antenna receiver, the total sensing time is reduced by an
approximate factor of M. Fig. 1 shows a block diagram of a
multiple antenna receiver configured for both coarse ( Fig.
1(a)) and fine resolution sensing (Fig. 1(b)). In Fig. 1(a), a
multi-tone frequency generator outputs four separate center
frequencies. Each of the four down-converted frequency
bands is digitized and fed into an N/M-point FFT block.
Because this is coarse sensing, the size of the FFT can be
small (i.e., the resolution can be large). The outputs of the
four FFT blocks are input to a sensing block that determines
the energy content in each of the four bands. This process
continues until the entire system bandwidth has been sensed.
At that point, the cognitive radio has determined which
coarse resolution block has the least energy. The total
number of coarse blocks that must be sensed per antenna in
this way is:

B
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where Bgs is the coarse sensing bandwidth.

When the radio has finished coarse resolution sensing,
the block with the least energy content is then sensed again
but at a fine resolution (Fygs) in order to detect white spaces
and primary users. During the fine resolution sensing, all of
the M-antennas are used to down-convert the same
frequencies; likewise, all of the FFT resources are used to
process this single bandwidth. By using multiple antennas to
sense the same frequency, the spatial diversity helps make it
possible to detect a primary user suffering from severe multi-
path fading or one that is “shadowed.”

In order to compare the sensing time for the new parallel,
multi-resolution sensing approach to the serial, fixed-
resolution approach, we first define the bandwidths of the
coarse and fine resolution sensing modes, Bcrs and Bpy,
respectively. Bgy is set by the number of points in the FFT,
N, as well as the minimum sensing frequency resolution,
Fres, and is given by:

Bepy = NFpgs - 2

The coarse resolution sensing bandwidth should be an
integer multiple of By and is given by:

Beps =0Bpy where 0=1,2,3, ... 3)

Substituting (2) and (3) into (1), the number of coarse
sensing blocks that must be sensed per antenna is:

BSYS (4)

Ny =—588
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It is assumed that the FFT is implemented on a DSP with
a clock operating at Fpgp. Further, it is assumed that the total
number of multiplications and additions necessary to
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Figure 1. Block diagram showing a parallel, multi-resolution system
configured for the (a) coarse resolution, and (b) fine resolution
sensing modes.

perform a power-of-two N-point FFT is given by [7]:
4Nlog,(N)—6N +8. (5)

It is reasonable to expect that a given DSP can perform
one multiplication and one addition per clock cycle. Hence,
the approximate time spent coarsely sensing the total system
bandwidth can now be written as:

B
Teas :%4&%@)_6&%} ©)
ONMFppsFpep| M M M

Once a suitable bandwidth (of size oBpy) has been
found, the fine resolution sensing takes place in a serial
fashion utilizing an N-point FFT as shown in Fig. 1(b).
Again using (5) and realizing that the total number of blocks
to be sensed at a fine resolution is o, an equation can be
written to approximate the time spent performing the fine
resolution sensing:

Ty = —2—[4N log, (N)-6N +8]. )
FDSP

The total time to perform the parallel, multi-resolution
spectrum sensing is simply the sum of (6) and (7):
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Note that (8) assumes that the switching time of the PLL
is negligible when compared to the execution time of the N-
point FFT. Furthermore, this is in addition to the integration
time required by the energy detector. In the next section,
various system-level tradeoffs are considered and their
effects upon 7 are examined.

III.  SYSTEM-LEVEL CONSIDERATIONS

Eqn. (8) is used to compare our new MIMO parallel,
multi-resolution sensing technique to the single-antenna
serial, fixed-resolution sensing method. First, however,
various practical tradeoffs in the multiple antenna approach
are explored such as the required number of antennas, the
appropriate coarse resolution bandwidth, etc.

A.  Number of Antennas

We first consider how the number of antennas impacts
the sensing time. Examining (8), it is seen that T is inversely
proportional to M and, hence, the system should have as
many antennas as possible. If the transmitter is considered,
more antennas imply higher data rates through spatial
multiplexing. The disadvantage of increasing the number of
antennas is a substantial penalty in chip area and power
consumption due to the required replication of the
transmit/receive chains. Moreover, the antennas must be
spaced approximately 8-10 wavelengths apart to ensure the
received signals are uncorrelated, a requirement of both
diversity and spatial multiplexing. This large spacing may be
impractical for certain applications.

To maintain a balance between chip area, power
consumption, data rate, and sensing performance, we
constrain the maximum number of antennas to four. Fig. 2
shows a plot of T versus number of antennas, M. The total
system bandwidth is, Bsys=1GHz, the minimum resolution,
Frp=10kHz, the FFT size, N=64, the coarse resolution
bandwidth, 0=10, and M ranges from 1 to 4. The sensing
time, Ts, decreases with increasing number of antennas. As
the number of antennas becomes four, however, a point of
diminishing returns is reached. At this point, the large
increase in power consumption and chip area is not justified
by a small decrease in sensing time. For this reason, four
antennas are chosen for the system.
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Figure 2. Sensing time, Ts, plotted versus the number of antennas, M.
Bsys=1GHz, Fre=10kHz, N=64, a=10.

B.  Coarse Resolution Sensing Bandwidth

We next choose a proper bandwidth for the coarse resolution
sensing mode as given by (3). Because the fine resolution
sensing bandwidth is set in (2), the issue is merely a matter
of choosing a. Fig. 3 plots T versus the number of antennas
for different values of o. Note that for a small number of
antennas a large value of o is best and vice-versa. This is
because for few antennas (e.g., M=1), a larger coarse
resolution sensing bandwidth means that fewer overall
blocks must be processed and, hence, fewer FFT results must
be computed. For a larger number of antennas (e.g., M=4)
parallelism reduces the number of serial frequency blocks
that must be processed and, hence, as o increases beyond a
point, it is merely adding more blocks that must be processed
in the fine resolution sensing mode where the sensing is
occurring at maximum resolution. For the final 4-antenna
system, o is chosen to be 10.

C. Number of Points in FFT

Because the final transceiver uses OFDM modulation, there
are conflicting requirements for the FFT block: Transceiver
flexibility on the one hand versus sensing time on the other.
The FFT computation is one of the major contributors to
sensing time which implies that the FFT should have as few
points as possible (i.e., N should be minimized in (8)). Fig. 4
shows a plot of sensing time versus the number of points in
the FFT. The number of antennas is taken to be 4, a=10,
Fres=10kHz, and Bgys—=1GHz. Sensing time decreases almost
linearly with N until a point at which it begins to increase.
For the case considered here, N=4 is the optimum number of
points for the FFT.

One of the key attributes of a cognitive radio is
flexibility; an OFDM transmitter is capable of transmission
on two non-adjacent white spaces simply by turning off the
sub-carriers that conflict with primary users. In order for this
to work, the system needs as many sub-carriers as possible,
which translates directly to maximizing N. Furthermore,
more sub-carriers lead to higher data rates in an OFDM
system.
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Figure 3. Sensing time, Ts, plotted versus the number of antennas for

different values of a. Bsys=1GHz, Frgs=10kHz, N=64.
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Figure 4. Sensing time, Ts, plotted versus the number of points in the
FFT. Bsys=1GHz, Fres=10kHz, M=4, a=10.

One possible solution to this is to use a variable N-point
FFT wherein a small number of points are used for sensing
and a larger number of points are used for transmission and
reception. The system described here assumes a fixed N-
point FFT with N=64.

D. Comparison to a Single Serial Stream

Fig. 5 shows (8) plotted versus the minimum resolution,
Fres, for three different cases. Fig. 5(a) represents the
parallel, multi-resolution sensing (M=4) case; Fig. 5(b)
shows the serial, multi-resolution (M=1) case, and Fig. 5(c)
plots the serial, fixed-resolution (M=1) case. The parameters
common to all three cases are: Bsys—1GHz, N=64, and Frgs
varies between 10kH and 100kHz. For the multi-resolution
cases, 0=10.

Note that, as expected, the serial, multi-resolution case
senses a 1GHz bandwidth ten times faster than the serial,
fixed resolution case. Moreover, the parallel, multi-
resolution case senses the same 1GHz bandwidth 100 times
faster than the serial, fixed resolution case, which clearly
demonstrates the benefits of this approach.
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Figure 5. Sensing time, 7, plotted versus minimum sensing resolution,
Fres for three cases. (a) parallel, multi-resolution case,
Bsys=1GHz, M=4, N=64, 0=10; (b) serial, multi-resolution case,
Bsys=1GHz, M=1, N=64, 0=10, and (c) serial, fixed-resolution
case, Bsys=1GHz, M=1, N=64.

IV. CONCLUSIONS

A new parallel, multi-resolution sensing technique has
been shown in simulations to reduce the sensing time over
the serial, fixed-resolution technique by approximately 100
times. Shortening the sensing time increases the average data
throughput of the cognitive radio.

System-level tradeoffs are examined and their effects on
sensing time. It is shown that for a large number of antennas
(i.e., parallel paths), a smaller coarse resolution sensing
bandwidth results in faster sensing times, whereas for a small
number of antennas, a larger coarse resolution sensing
bandwidth is preferred. Furthermore, while the number of
points in the FFT gives more flexibility for an OFDM
transceiver, it is better for sensing purposes to have fewer
points in the FFT. It is also proposed to have a variable-point
FFT with a low number of points during sensing and a high
number of points during data transmission and reception.
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