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Abstract—A real-time directional sensing system is proposed
for 2.4 GHz ISM band by exploiting the concept of spatio-
temporal spectral white spaces. The proposed system consists
of a 16-element patch antenna array, an FFT-based multi-beam
beamformer and an energy detector. Our system operates at
the baseband with quadrature sampling. Furthermore, digital
architectures for two energy detectors that employ integrate-and-
dump circuits are presented. With the multi-beam beamformer,
the first energy detector can be employed to directional sensing
and the second can be employed for both directional and spectral
sensing of radio frequency sources. The multi-beam beamformer
having 16 beams and the energy detectors are implemented
on a ROACH-2 based FPGA system with a 160 MHz clock.
With an 8-point temporal FFT, the second energy detector
provides approximately 20 MHz bandwidth per temporal FFT-
bin. Preliminary experimental measurements obtained with Wi-
Fi devices and the first energy detector verify the proof-of-concept
directional sensing of the proposed system.

Index Terms—Cognitive radio, directional sensing, spectrum
sensing, white space, FPGA, multi-beam beamforming.

I. INTRODUCTION

The exponential growth of wireless systems and networks

is leading to scarcity of available radio spectrum [1]–[3].

Wireless frequency channels are being increasingly occupied.

However, the spatio-temporal nature of wave propagation

and underlying spectral sparsity has rarely been exploited

for frequency reuse. This lack of sharing of carrier fre-

quency as a function of propagation direction occurs despite

the fact that the wireless channels appear extremely sparse

in a spatio-temporal frequency domain [4]. Spatio-temporal

sparsity makes such channels ripe for directional channel

multiplexing for increased system capacity. In [5], the multi-

dimensional Fourier transform of propagating electromagnetic

plane waves, which are the far-field solutions to the wave-

equation that models wireless channels, was shown to possess

a region of support (ROS) in the spatio-temporal Fourier

(i.e., frequency) domain that is 1) enclosed in the region

of causality (light cone) [6, ch. 6], and 2) constrained to

be on line-shaped segments that are aligned in orientation

to the direction of propagation of the plane waves in free

space [5]. In this paper, we propose a radio frequency (RF)

multi-beam array receiver for the sensing of RF sources

operating in the 2.4 GHz ISM band, such as Wi-Fi devices,

taking into account both channel frequency and direction of

propagation. The proposed system operates at the baseband

(i.e., with down-converted and quadrature sampled in-phase

(I) and quadrature-phase (Q) signals), and a fast Fourier

transform (FFT)-based multi-beam beamformer implemented

on ROACH-2 field-programmable gate array (FPGA) system

is employed for real-time directional sensing. Experimental

measurements obtained using Wi-Fi devices are presented to

verify the proof-of-concept directional sensing of the proposed

system.

II. RELATED WORK IN SPECTRUM SENSING

Cognitive radio networks attempt to alleviate spectral

scarcity by exploiting opportunistic communication channels,

identified via a spectrum sensing and monitoring subsys-

tem within an overall dynamic spectrum management and

allocation system. Such spectrum sensing and monitoring

techniques have been continuously explored since the early

days of cognitive radio [1], [2], [7] and a fairly recent and

comprehensive survey can be found in [3], [8] and references

therein. Formulation of spectral holes or spectral white spaces
is typically done considering spectral usage characteristics

over multiple dimensions such as time, frequency, direction,

location, and code; for example, the concept of 4-D spectral

holes and cooperative beamforming based spectrum sensing

were presented in [9]. For narrowband spectrum sensing, low-

complexity non-coherent energy detection is commonly used,

while more computationally intensive matched filter-based

techniques, (cyclostationary) feature detectors, and eigenvalue-

based detectors are used when coherent detection is required

[3]. Several wideband techniques are also reviewed in [3]

including both critically sampled and sub-Nyquist sensing

techniques. In [10], polarization of the electromagnetic waves

has been exploited to sense the presence of a primary user

signal.
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Opportunistic spectral access via spatial domain sparsity

(hence spatial reuse of the available spectrum) has been

explored in [11]–[20]. Such approaches typically exploit di-

rectional transmission and reception using directional sector

antennas [16], [19], [21], beam steering via passive radiators

with a single active element and a single RF chain [14],

[15] and electronically scanned beamforming arrays [13], [17],

[18]. In particular, [20] introduces the concept of spatial

spectral holes and used relay assisted directional transmission

to exploit spatial domain spectral sparsity via cooperative

sensing.

Spectral occupancy measurement in an outdoor 5 GHz Wi-

Fi network using directional antennas was demonstrated in

[22] with a practical implementation and measurements. In

[23], authors demonstrated a low-latency FPGA implementa-

tion of an energy detection based wideband spectrum sensor

from 70 MHz to 6 GHz. The concept of spatio-temporal white

spaces from a multidimensional signal processing perspective

was presented in [4], [24] for direct converted RF signals

and such directional sensing employing low-complexity array

processing combined with cyclostationary feature detection

was presented in [25]. In this paper, we present the directional

spectrum sensing at the baseband using multidimensional

signal processing perspective. Our approach is more efficient

compared to the directional spectrum sensing presented in [4],

[24] because of the significantly lower temporal sampling and

the use of spatially-bandpass filters implemented using FFT

algorithms compared to the spatio-temporal bandpass filters

employed in [4].

III. TWO-DIMENSIONAL SIGNAL PROCESSING MODEL

AND SPECTRA OF PLANE WAVES AT THE BASEBAND

A. 2-D Spatio-Temporal Spectrum of a Plane Wave Received
by a Uniform Linear Array

The two-dimensional (2-D) spatio-temporal signal model

and the spectrum of a plane wave received by a uniform linear

array (ULA) are presented in this section. To this end, we

consider the directional sensing of an electromagnetic wave

emanating from an RF source, such as a Wi-Fi enabled device,

located in the far field by a ULA as shown in Fig. 1(a). In

this case, the electromagnetic wave, denoted as wC(x, ct),
can be modeled as a propagating plane wave in the 2-D

continuous spatio-temporal domain (x, ct) ∈ R
2 [26, ch. 1],

[6, ch. 6]. Here, ct is the temporal domain scaled by c, the

constant speed of propagation of electromagnetic waves, and

θ ∈ (−90◦, 90◦) denotes the direction of arrival (DOA). Note

that wC(x, ct) can be considered as either a narrowband signal

or a broadband signal depending on the fractional bandwidth.

In general, signals having fractional bandwidths greater than

5% are considered to be broadband [27]. It is shown in [5]

that the ideal continuous-domain spectrum WC(Ωx,Ωct) of

wC(x, ct) lies on a straight line going through the origin of

the 2-D continuous frequency domain (Ωx,Ωct) ∈ R
2. Note

that Ωx is the continuous-domain spatial frequency and Ωct

is the continuous-domain temporal frequency scaled by 1/c,
i.e., Ωct = Ωt/c. The ROS of the spectrum WC(Ωx,Ωct)

wC(x, ct)

x

θ

z

· · ·· · ·

plane wave

o

Uniform linear array

Propagating

RF source

(a)

Ωx

Ωct

α ROS of
WC(Ωx,Ωct)

O

(b)

Fig. 1. (a) An RF signal received by a ULA; (b) The ROS of the spectrum
of a plane wave signal in the 2-D frequency domain.
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Fig. 2. (a) The ROS of the 2-D spectrum of a quadrature-sampled plane
wave; (b) ROSs of the spectra of plane waves and white spaces.

consists of two segments lying on the straight line as shown

in Fig. 1(b). The length of the straight line segments is

determined by the temporal bandwidth of a plane wave. The

angle α between the ROS of WC(Ωx,Ωct) and the Ωct axis is

given by [5], [28]

α = tan−1(sin(θ)). (1)

Note that α ∈ (−45◦, 45◦) because θ ∈ (−90◦, 90◦).

B. 2-D Spatio-Temporal Spectrum at the Baseband

For an RF signal having a fractional bandwidth less than

50%, temporal sampling (i.e., analog-to-digital conversion) at

the baseband is more economical than the temporal sampling

at RFs. To this end, a plane wave is first processed through an

RF front-end consisting of low-noise amplifiers and bandpass

filters. Subsequently, the plane wave is down-converted to the

baseband using local oscillators (LOs) and processed through

lowpass filters for quadrature sampling with I and Q compo-

nents [29, ch. 8], [30]. The quadrature-sampled 2-D discrete-

domain signal wD(nx, nct), (nx, nct) ∈ Z
2, is complex-

valued. Furthermore, the ROS of the spectrum WD(ωx, ωct),
(ωx, ωct) ∈ R

2, of wD(nx, nct) consists of a single line

segment inside the principal Nyquist square N [31], [32] as

shown in Fig. 2(a). This line segment is generated by down-

shifting the upper segment of the ROS of WC(Ωx,Ωct) (see

Fig. 1(b)) [29, ch. 8], [30]. The principal Nyquist square is

defined as N = {(ωx, ωct) ∈ R
2,−π ≤ ωx, ωct < π}), and

ωi =
2πΩi

ΩS
i

(i = x, ct), where ΩS
i is the corresponding sam-

pling frequency. It is worthwhile to note that wD(nx, nct) is

predominantly a broadband signal at the baseband even though
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wC(x, ct) is narrowband at RFs. The angles ᾱ corresponding

to the ROS of WD(ωx, ωct) can be derived as [31], [32]

ᾱ = tan−1

(
Δx tan(α)

Δct

)
, (2)

where Δx and Δct are the spatial and temporal sampling

intervals, respectively. In our RF directional sensing system,

the patch antennas are arranged with Δx = 0.06 m (corre-

sponding to a Nyquist frequency of 2.5 GHz) and the baseband

temporal sampling frequency is selected 160 MHz leading to

Δct = 1.875 m. Note that, with these specifications, ᾱ ∈
(−1.83◦, 1.83◦) for θ ∈ (−90◦, 90◦) (or α ∈ (−45◦, 45◦)).
In this case, the ROS of WD(ωx, ωct) is essentially parallel to

the ωct axis. Consequently, such a plane wave can be sensed

using a spatially-bandpass filter as shown in Fig. 2(a).
Let us consider the case where M (≥ 2) plane waves with

different DOAs are received by the ULA. In this case, the

ROSs of the spectra of quadrature-sampled plane waves consist

of M single line segments inside the principal Nyquist square

as shown in Fig. 2(b). The location of a straight line segment

depends on the temporal bandwidth and the DOA of a plane

wave. The presence of a plane wave or the absence of a

plane wave (i.e., a white space) with respect to the DOA can

be sensed using a multi-beam beamformer having spatially-

bandpass responses as described in the next section.

IV. SENSING OVER MULTI-BEAMS

The 2-D spectrum of a discrete-domain plane wave is

computed by using the 2-D discrete Fourier transform (DFT)

using the FFT algorithms [33]. The 2-D DFT is a row-column

separable operation. Therefore, we may compute the spatial

FFT for each temporal sample, and then compute temporal

FFTs along each of the spatial-FFT’s column outputs, which

appear as temporal sequences. The outputs of the spatial-FFT

bins are in fact directional RF beams, with beam axis defined

by the bin number of the spatial FFT. The N -point spatial-FFT

can be computed using fixed-point arithmetic at arithmetic

complexity O(N logN) or approximated at low-complexity

without using any multipliers at all, with about a 2 dB loss in

directivity [34]. For directional sensing, we employ a multi-

beam beamformer designed using spatial-FFT and realized on

an FPGA. The beamformer produces 16 RF beams, which are

in the mixed spatial-Fourier-temporal domains. These beams

are used here for directional sensing using energy detectors

presented in Sec.V, for real-time directional sensing of 2.4
GHz Wi-Fi sources. Fig. 3(a) shows the expected theoretical

RF beams. Fig. 3(b) shows the measured beams from experi-

mental evaluation using an anechoic chamber, with the FPGA

operated at a clock frequency of 200 MHz.

V. TWO-DIMENSIONAL DIRECTIONAL SENSING: DIGITAL

ARCHITECTURES AND EXPERIMENTAL RESULTS

In this section, we present the 16-element RF receiver,

the digital architectures for a multi-beam directional energy

detector and a 2-D FFT-based spatio-temporal energy detector,

and the experimental measurements obtained using Wi-Fi

sources operating at the 2.4 GHz ISM band.
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Fig. 3. (a) Theoretical RF beams corresponding to the spatial FFT outputs;
(b) the experimentally measured beams using a fixed-point implementation of
the 16-point FFT.

A. Antenna Array, RF Front-End and Digital Systems Setup

The overall system employed for experiments is shown in

Fig. 4. The antenna array consists of 16 rectangular patch

antennas opertaing at 2.4 GHz, and the RF front-end employs

a 16-element single-mixer super-heterodyne architecture. The

RF front-end is implemented using commercial-off-the-shelf

components from www.minicircuits.com (combiner - ZN2PD
63S+, bandpass filter - VBFZ 2340S+, low-noise amplifier -

ZX60-242LN, mixer - ZFM-15S+, lowpass filter -SLF-550+,

intermediate frequency amplifier - ZFL-1000LN+). The LO

signals are distributed to the 32 identical mixers using a

microwave 1:16 splitter. Each of the outputs of the LO distri-

bution system is split to 0◦-90◦ for the I-Q direct-conversion

mixers using hybrids. It is essential that all the RF signal

generators are synchronized to the same reference clock to

avoid frequency drifts. In our case, a 10 MHz reference from

the NOISE XT ultra-low jitter signal generator is used to drive

the VALON at receiver side for clocking ROACH-2 analog-to-

digital converters (ADCs). NOISE XT generates frequencies

from 2 MHz to 7 GHz with a resolution of 1 Hz and ultra-

low noise floor down to −178 dBc/Hz. The VALON is a dual

frequency synthesizer module whose frequency range spans

from 23 MHz to 6 GHz, and provides 32 dB of attenuation

control. The multi-beam beamformer is implemented on the

ROACH-2 based FPGA system. Note that the ROACH-2 based

FPGA system is a standard high-performance FPGA signal

processing platform used in the radio astronomy community

[35]. Our receiver provides a gain of 40 dB and have a
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Fig. 4. (a) The overall experimental setup; (b) RF receiver chain implemented using commercial-off-the-shelf components; (c) ROACH-2 based FPGA system

noise figure of 4 dB. The reader is referred to our recent

work [34] for more details of the antenna array, RF front-end

and ROACH-2 based FPGA system.
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Fig. 5. Digital architectures for directional sensing of RF sources; (a) multi-
beam directional energy detector; (b) average 2-D FFT-based PSD function.

B. Multi-Beam Directional Energy Detectors

Fig. 5(a) shows the full system implementation of the multi-

beam directional energy detectors. Here, each of the parallel

multi-beam RF signals are squared, integrated, and down-

sampled (standard integrate-and-dump algorithm) for measur-

ing the receive signal power at 16 simultaneous look directions

using the FFT-based multi-beam beamformer described in

Sec. IV. This is a simple energy detector where the signal

content and features are not considered. The only measurands

are DOAs and average received energy per beam (using a

sliding-window approach). This energy detector allows the

directional sensing but can not differentiate sources based on

frequency, modulation type, bandwidth, or other features of

the plane waves received. In this paper, we provide real-time

experimental results for such “crude” RF sensing of Wi-Fi

devices, operating in the 2.4 GHz ISM band, using our RF

multi-beam receiver.

C. Average 2-D FFT-based Power Spectral Density Function

Fig. 5(b) shows ongoing extension to the architecture pre-

sented in the previous subsection, where we employ temporal

DFTs for each of the beams obtained from the spatial-DFT

based multi-beam beamformer. In fact, we compute the 2-D

DFT of the antenna array output signal with respect to both

discrete spatial and temporal dimensions, i.e., power spectral

density (PSD) function. The architecture therefore requires one

spatial-FFT core for the 16 beams, and 16 more temporal

FFT cores for computing the temporal DFTs. Therefore, the

digital circuit area is ×17 larger than that of the previous

architecture, based on the FFT-core area alone. In practice,

the digital complexity is even larger due to bit-growth of the

system word size as the signal progresses from the 32-ADC

ports and through the different FFT stages. The 2-D FFT

output bins correspond to an 16× 8 matrix, assuming a basic

8-point temporal FFT per beam. The clock frequency of 160
MHz is chosen for the design so that each of the temporal

FFT bin approximately covers a 20 MHz channel of the 2.4
GHz ISM band. The 2-D FFTs are integrated in a traditional

integrate-and-dump loop to improve the signal to noise ratio

(SNR) under the assumption of a quasi-static condition for the

incident RF plane waves. The integration of K samples of each

of the 2-D FFT bins leads to improve the SNR in the order of√
K because the signal is correlated and wide sense stationary

additive white Gaussian noise is uncorrelated. The outputs of

the integrate-and-dump circuits update at a relatively slow rate

(in kHz) compared to the 160 MHz clock frequency of the

system. Therefore, software registers in the ARM core in the

Xilinx Virtex-6 FPGA of the ROACH-2 system can be used

for update. The software registers are read into the random

access memory of the host computer using a Python script.

Due to the limited space, the experimental verification of the
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2-D FFT-based spectral measurements is reserved for as future

work.

D. Experimental Setup

The experimental setup is shown in Fig. 4(a), and the

measurements are carried out with the antenna array placed

in two different situations as shown in Fig. 6(a). For each

beam output corresponding to a spatial-FFT bin, the energy

detector is configured to integrate 160, 000 temporal samples,

corresponded to 1 ms of time duration. The system is config-

ured to produce 1000 samples of such outputs, corresponded

to 1 s of time duration.

X�axis:�time(ms),�Y�axis:Spectral�Occupancy

(a)

(b)

(c)

Fig. 6. (a) Different situations in which measurements are performed; (b)
measurements for the case of known RF sources; (c) real-time measurements
using Wi-Fi access points. The detected energy is subjected to thresholding
to make a binary decision for spectral occupancy.

E. Control Experiments with Known Sources and Directions

As a proof of concept of our directional sensor, we con-

sider directional sensing of known sources with fixed carrier

frequencies. To this end, we transmit a RF signal using on-

off keying on the signal by a 5 Hz square wave. So, in a

1 s duration, RF signal contain 5 pulses. Fig. 6(b) shows

the computed received energy per beam for a transmission

frequency of 2.412 GHz (802.11n Wi-Fi channel number 1)

while the LO frequency is set to 2.4 GHz. It can be observed

that the beams containing energy are shifted according to the

array direction verifying the performance of our directional

sensor.

F. Real-World Measurements

The experiment described in section V-E is repeated in an

indoor environment with the presence of real Wi-Fi access

points. The integration is performed for the same time duration

of 1 s. The corresponding measurements are shown in Fig.

6(c). For this real-time measurements, the two sources are

kept 30◦ apart. As expected, we observe the bins/beams that

contain significant energy is shifted to the bins in one quadrant

to the other with corresponding directions where the sources

are placed. It is noted that the case we consider here only

corresponds to the antenna array placed in the two quadrants,

as shown in Fig. 6(a), and is not exactly aligned for the case of

known RF transmission and real-world measurements. Hence,

this accounts for a mismatch in the results in beam directions

in both cases.

VI. FUTURE WORK

The directional sensing system will be extended to incor-

porate higher-order statistical techniques for extracting in-

formation and features of RF sources. Our recent progress

with modulation recognition using deep learning [36] will be

extended to fully-parallelized digital computing architectures.

We will consider spectral correlation function and deep belief

networks for high-performance inference and will propose

novel computational architectures. These will be implemented

in the Virtex-6 FPGA in the ROACH-2 system for real-time

sensing. Furthermore, signal parameters such as direction,

polarization, frequency, bandwidth, SNR, signal to interference

ration (SIR), modulation type, doppler signatures, distortion

and echoes (multipath effects) and other waveform dependent

parameters will be extracted using algorithms based on linear-

systems theory and non-linear higher-order statistical methods.

More over, we plan to employ machine learning techniques to

recognize previously encountered or specific types of elec-

tromagnetic environments. These extracted features can be

utilized in upper layers of the wireless communication systems

for a variety of intelligent applications including localization

and tracking of RF sources, RF source identification, and

adaptation of cognitive radio networks.

VII. CONCLUSIONS

An FFT-based spatio-temporal RF directional sensing sys-

tem is proposed for the 2.4 GHz ISM band. The system

consists of 16-element patch antenna array and a multi-beam

beamformer, implemented on the ROACH-2 based FPGA

system. The proposed system performs sensing over 16 look

directions simultaneously and each beam output is analyzed

through a temporal FFT in order to sense spectra of RF signals

corresponding to each beams. Experimental measurements ob-

tained for Wi-Fi devices with a single Wi-Fi channel verify the

proof-of-concept directional sensing of the proposed system.
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