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* Abstract—To achieve radio spectrum awareness for current
and next generation wireless communication systems, it is critical
to develop the capability of super-wideband spectrum sensing
with low-cost devices. In this paper, we report a novel wideband
sensing structure that uses an analog-to-digital converter (ADC)
board and a band-pass-filter (BPF) to form a spectrum sensor,
which achieves several gigahertz (GHz) of sensing bandwidth and
includes spectrum sensing in the 6 GHz unlicensed band as one
application example. This structure uses direct radio frequency
(RF) sampling with the ADC board, and the BPF passes only
the RF band of interest that lies in the high-order Nyquist
zone, which is then aliased to the baseband and captured. This
method avoids the use of RF mixers or downconverters. To test
its feasibility and performance, we develop customized software-
defined radio (SDR) functions that allows an SDR transmitter to
send multiple arbitrary waveforms on its multiple transmission
ports over a large carrier frequency range simultaneously. We
use the ADC board to capture several signals transmitted in the
6 GHz band for spectrum analysis and RF parameter estimation,
such as the center frequency, bandwidth, and signal-to-noise ratio
(SNR) of each signal. We compare the signal parameters of the
data captured by this method with those reported by a high-end,
commercial-grade spectrum analyzer (SA). The measurement
results show that this method can achieve a satisfactory quality of
signal detection, and verify the feasibility of the super-wideband
spectrum sensing approach with a simplified structure.

Index Terms: Direct RF sampling; Software defined radio

(SDR); Super-wideband spectrum sensing

I. INTRODUCTION

Wideband spectrum sensing provides radio frequency (RF)
band and channel use information, and is a key capability
to enable dynamic spectrum sharing (DSS). Some spectrum
sensing applications have the need to cover a broad bandwidth
that is one gigahertz (GHz) or wider. For example, the 6-7 GHz
band released by the FCC in 2020 [1] for unlicensed use has
a bandwidth of 1.2 GHz. It allows secondary transmitters or
services to use some channels or subbands of the spectrum
under the automated frequency coordination process [1]. With
the deployment of wireless local area network (WLAN) (e.g.,
Wi-Fi 6E or 7) and other systems in the 6 GHz unlicensed
band, efficient wideband spectrum sensing is critical for
managing interference and optimizing DSS mechanisms for
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next generation wireless applications. There is a need to
develop a sensor structure that can cover one or more GHz
of instantaneous bandwidth with a relatively simple structure
and low hardware cost, and this will be studied in this paper.

To provide a broad spectrum sensing capability, several
types of wideband sampling schemes that can mitigate the
hardware sampling rate limitation have been proposed and
studied. In [2], a software-defined radio (SDR) sensing re-
ceiver has a limited instantaneous bandwidth (e.g., 28 MHz),
but switches sequentially among many adjacent channels to
cover a broad band. This method is novel but may cause
too much latency for some real-time sensing tasks, such as
dynamic signals that are transient or have low duty cycles.

To reduce the channel sampling rate, multiple sub-Nyquist
rate sampling schemes have been studied [3]-[7]. A modulated
wideband converter (MWC) scheme with signal aliasing is
developed in [3], which introduces a sophisticated digital
algorithm to recover multiple signals in different bands. The
authors of [4] propose a quick channel sensing scheme where
an analog filter is used with an intelligent search algorithm to
implement broadband sensing. A compressive sensing-based
spectrum sensing scheme for a cognitive radio network is
developed in [5]. A space-time trilinear model with MWC
sub-Nyquist sampling was developed in [6] to implement
spectrum sensing and direction of arrival estimation. The work
in [7] uses a Nyquist folding receiver to implement wideband
spectrum sensing.

Despite their significant contributions, these works involve
complicated receiver processing, such as signal reconstruction
and anti-aliasing. Furthermore, most of these schemes still
use signal frequency mixer or RF down-conversions to the
baseband, which involves a substantial hardware cost and
complexity. As a simplified solution, the authors of [8] develop
a direct RF sampling scheme for wideband signals, and
evaluate the performance of this scheme based on a computer
simulation study.

In this paper, we design a receiver structure for super-
wideband sensing by using a sub-Nyquist direct RF sampling
method with application to the 6 GHz band spectrum sensing.
Different than the simulation study in [8], we implement
extensive hardware programming and measurement, and hence
justify the validity of the simplified receiver structure. We
configure a sensing structure that consists of a wideband
analog-to-digital converter (ADC) board and a band-pass-filter



(BPF) that matches to the band of interest, e.g., the 6-7 GHz
band that has one GHz RF bandwidth. Results are compared
to those obtained using a commercial-grade spectrum analyzer
(SA) that operates in sweeping mode and instantaneous mode,
respectively. To provide test signals, we programm an SDR
device with new functions so that it can transmit multiple
WLAN signals in several frequency channels simultaneously
in the 6 GHz band.

The contributions of this paper are summarized as follows:

o« We construct and test a novel super-wideband signal
transmission and detection configuration.

o We evaluate the RF parameters such as center frequency,
bandwidth and SNR, based on the SA and ADC data,
respectively, which provide insight into the signal quality
and SNR loss of the ADC data.

o Our spectrum analysis shows that the simplified structure
provides a satisfactory wideband sensing performance.

Our method provides flexibility for cases where the down-
converter for a given RF band is unavailable. This architecture
has not yet been significantly explored in the literature. The
proposed structure can capture data with much smaller latency
than the sweeping mode of the SA or some SDR devices.
By retuning the BPF to a different RF band, this architecture
can capture data in different sub-bands (with up to 1-2 GHz
bandwidth) up to the ADC frequency upper-bound, which can
be significantly higher than the (6-7) GHz.

II. SYSTEM MODEL

Consider an RF environment where multiple RF emitters
send signals on different channels over a broad band. A
sensor captures signals from the environment and sends it
to a computer or processor for signal processing. Refer to
Fig. 1. We show the sensor that is formed by a BPF and an
ADC board, where the BPF matches to the band-of-interest.
The computer reads the captured data and computes spectrum
occupancy information. The ADC captures data in a single
channel with real values, with sampling rate Fy, = 2.0 GS/s,
and we use the positive frequency half of the spectrum to
evaluate signal parameters. In this paper, we consider a single
receive port (or antenna) based sensing, and the extension of
this structure to multiple receive antennas will be studied in a
future work.

Fig. 2 shows the actual setup of the experiment. The
computer generates several WLAN waveforms, which are
transmitted by a multi-port SDR device. Attenuators of 20
dB values are connected to the RF transmission ports of
the SDR to protect the receiver inputs. These signals are
combined by a RF combiner, go through a BPF and RF
splitter, and reach the SA and the ADC board, respectively, for
spectrum sensing. The purpose of this test setup is to check
if the ADC board captured signal can be reliably estimated
by using available signal processing methods, such as discrete
Fourier transform (DFT) and spectrum analysis, and report the
spectrum occupancy status in the considered band. Here, the
WLAN signals are based on the IEEE 802.11.ax protocol (e.g.,
Wi-Fi 6E) for the downlink, and generated with a commercial
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Fig. 3: Illustration of the Nyquist zone signal aliasing in the
direct RF sampling considered in this paper.

software toolbox. We generate four WLAN waveforms with a
sampling rate of 20 MS/s without over-sampling, and with the
modulation and coding scheme (MCS) indices range from 0
to 3, respectively. The generation of each waveform assumes
one transmit antenna, one space-time stream, 3.2 us of guard
interval, and LDPC channel coding. Each sequence has a
minimum length of 10° samples, and 100% air-time duty
cycle.

In Fig. 3 we show how the high Nyquist zone signal
aliasing is used for direct RF sampling considered in this
paper, where fx¢ refers to the Nyquist frequency, i.e., the high
frequency limit of the corresponding baseband signal. Here,
we define the first Nyquist zone as the RF range (0, fng),
and we let fyg = F5/2, where F; is the Nyquist sampling



rate for the given zone. The Nth Nyquist zone is given by
(N —1)fng, Nfng]. With the use of the BPF that passes
only the signal from the desired Nyquist zone, the RF signal
is aliased to the baseband, and then captured by the ADC
board. Without the use of the BPF, the signals from all the
high Nyquist zones become aliased in the first Nyquist zone,
causing mutual interferences to the detection. Mathematically,
consider a time-domain real signal x(t) that has baseband
bandwidth f, no with fu no < Fs/2, and resides in the Nth
Nyquist zone, without noise corruption. We have

w(t) = wp(t) cos(2n[(N — 1) Fs/2+ filt + 6(1)), (1)

where zp(t) is the equivalent baseband signal, f; (with
fi € (0, F/2) is the signal center frequency offset in the Nth
Nyquist zone, and ¢(t) is the random phase shift. After the
BPF and direct RF sampling, if the ADC frequency response
covers up to the Nth Nyquist zone and is ideal (no distortion),
then we have

&(t) = xp(t) cos(2rm fit + qg(t)), )

where ¢~>(t) is the baseband random phase shift. Note that in the
mapping process, the thermal noise from all the Nyquist zones
is aliased to the first Nyquist zone. When the BPF is matched
to the Nth zone, and if the noise floor remains constant in all
Nyquist zones from 1 to N, the noise floor of the ADC data
is increased by a factor of V.

Beside the noise aggregation effect caused by the high-
Nyquist zone aliasing, there may be other factors that con-
tributed to the SNR reduction, such as the ADC frequency-
domain response and non-linearity.

The signal-to-noise ratio (SNR) loss Lgy g of the direct RF
sampling is a function of ADC sampling rate Fy, the Nyquist
zone of the RF band-of-interest, and ADC front-end frequency
response, beside other factors. The detailed evaluation of these
factors will be studied in the future work.

Next, by utilizing an approach given in [9], we implement
python-SDR programming in Computer 1 shown in Fig. 2 with
the following steps to achieve the multi-channel streaming
capability. This method utilized the SDR hardware interface
described in [10], [11].

1) Let the main python-SDR control code to read the data
from four separate WLAN waveform files, and open the
session of the SDR unit.

2) The control code launches four threads, and each thread
controls one RF transmission port of the SDR unit.

3) The control code forwards the 4 WLAN data streams to
the 4 threads, respectively, and starts the transmission.

4) When the ADC and SA data capture is over, we send
termination signals to the threads.

III. EXPERIMENTAL SETUP

In the experiment, we use a commercial WLAN waveform
generation toolbox to generate four different IEEE 802.11ax
signals (aka, Wi-Fi 6E), and each signal has a nominal
bandwidth of 20 MHz. Then, we convert the data to a binary
format (with interleaved real and imaginary parts) [10] that

Fig. 4: Photo of the transmitter SDR unit, where the four
channels are transmitting four signals simultaneously.
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Fig. 5: Photo of the receiver ADC board.

the SDR can read and transmit. These waveforms are fed to
a single SDR device, which transmits the four waveforms via
its four RF transmission ports simultaneously. Fig. 4 shows a
photo of the SDR unit, in which the four RF channels were
transmitting four wideband WLAN signals simultaneously.
The achieved maximum total transmission sampling rate of
the SDR unit is 8§1.92 MS/s in our measurement setup.

With the BPF matched to the band-of-interest, the ADC
board [12] directly captures the signals in that band, without
the use of an RF mixer, local oscillator, or digital down
converter. This BPF has the center frequency of 6.575 GHz
with a 1 dB bandwidth of 1.380 GHz. The 30 dB rejection
frequency points are at 5.65 GHz and 7.55 GHz, respectively.

For performance comparison purposes, we use the SA to
implement spectrum analysis and compare the results with
those generated by ADC data. We implement an SA remote-
mode script programming, and let the SA scan the signal in
the 6 — 7 GHz range with a scanning bandwidth of one GHz,
a resolution bandwidth (RBW) of 10 KHz that is adequate
to show detailed WLAN signal spectrum features. Further,
we use a sweeping time interval of 100 ms that is several
orders of magnitude higher than the ADC sampling time. In
this setting, the number of power spectrum points per scan is
the ratio of the scanning bandwidth and the RBW, given by
10%/10* = 105. We scale the power spectrum magnitude by a
factor of RBW (10* Hz) to obtain the magnitude of the power
spectral density (PSD) in dBm/Hz.



The computer processes the SA power spectrum data and
the data stored by the ADC boards, respectively, and estimates
signal RF parameters such as the received signal SNR, center
frequency, and bandwidth, for each of the 4 signals.

Fig. 5 shows a photo of the receiver ADC board, which
captures the WLAN signals with a sampling rate of 2 GS/s.
In our setup, the board utilizes only one RF channel for data
capture. The data is saved in real-value samples only.

IV. MEASUREMENT PROCEDURE AND RESULTS
A. ADC board Signal Calibration

The ADC board converts the received signal to real-valued
data samples which need to be mapped to real-world RF signal
power values. In this paper, for a high-accuracy spectrum
evaluation, we design a procedure to evaluate this mapping
and the device noise floor, using a method similar to that given
in [13]. The procedure is given as follows.

1) We send 4 continuous wave (CW) signals from the

4 transmission ports of the SDR device, at the center
frequencies that are used by the 4 WLAN signals.

2) The ADC board receives the signals after the splitter and
sends the raw data to the computer.

3) The SA receives the same signals after the splitter, and
sends the spectrum analysis results to the computer.

4) The computer runs spectrum analysis and parameter
estimation based on the data from the ADC board and
the SA, respectively.

5) The computer compares the four-pairs of CW PSD peak
values reported by the SA and the ADC board, and
provides the mapping between the ADC raw data and
the real-world RF power, by using the SA reported PSD
value as the true-value reference.

In [13] we used a power meter to measure the signal power at
each point of the test circuit. Here, we use an SA to capture
the received signals and obtain the signal PSD at the signal
center frequencies. Unlike a power meter which provides only
total power measurements, the SA allows precise PSD analysis
at specific frequency points.

A fixed 10 dB attenuator was placed on the input of the
SA to protect it from possible high signal levels, while in the
input of the ADC board we did not introduce any additional
attenuation. This difference has been accounted for in the
ADC data calibration and the signal parameter evaluation
procedures.

B. WLAN Signal Parameter Estimation

Using the four transmission ports of the SDR, we send
four different WLAN signals at different center frequencies
Fop for n = 1,...,4. We set [Fo1,Fo,Fes, Feu] =
[6.275,6.435,6.755,6.875] GHz, respectively, that sparsely
scatter in the 6 — 7 GHz range. Each WLAN signal has the
nominal bandwidth of By, = 20 MHz.

From the CW signal measurement, we acquired relative
system loss between the SA and the ADC board. As a result,
a reasonable comparison of WLAN signal detection can be
drawn between the two systems.
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Fig. 6: PSD of the four CW waveforms captured by the SA,
when the sweep range is 6 — 7 GHz.
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Fig. 7: PSD of the four CW waveforms captured by the ADC
board, when the ADC sampling rate is 2 GS/s, and the BPF
range is 6 — 7 GHz.

When we evaluate the mean and root-mean-squared-error
(rMSE) statistics of RF parameters based on the WLAN data,
we use 100 sequences of the ADC data, and each sequence
has a length of Ny, = 1.0 x 10°. For the spectrum analysis, we
generate smoothed PSD of the ADC raw data using a method
similar to the Welch spectrum estimation [14]. Each ADC data
sequence is divided to blocks of length N, = 10%, with the
sample offset between adjacent blocks being Nog = Np/4,
and the DFT size is Nppr = 10%. A Hamming window of
size Ny is applied to the data blocks before the DFT operation.

Figs. 6 and 7 provide the PSD of the CW signals captured
by the SA and the ADC board, respectively. The signal
of the ADC board has been converted to the RF power
using the SA-ADC-comparison-based calibration process. The
results in Figs. 6 and 7 show that the PSD of the ADC
data has appreciable power leakage at the edges around 6
GHz and 7 GHz. These leakages at the PSD frequency edges
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Fig. 8: PSD of the four WLAN waveforms captured by the
SA, when the sweep range is 6 — 7 GHz and the sweep time
is 100 ms.

~

-90

-95

-100 |

-105 1

-110

-115 1

120 |

PSD (dBm/Hz)

-125 1

-130

-1356

-140

6;4 6‘.6
Frequency (GHz)
Fig. 9: PSD of the four WLAN waveforms captured by the
ADC board, when the sampling rate is 2 GS/s, and the BPF
range is 6 — 7 GHz.

o
o |
N

can be suppressed by resetting these leakage values to the
near-by noise floor values, since the frequency locations are
known. Furthermore, it has a few spurious tones at random
frequencies around 6.7 GHz and 6.8 GHz. Fortunately, the
magnitudes of these tones are significantly lower than those of
the CW signals. These spurious tones are related with the ADC
circuit non-linearity, and developing a method to predict their
frequencies and suppress them will be a worthwhile future
work.

Since the SA input signal has additional 10 dB attenuation,
the PSD of the CW peak values of the SA is 10 dB lower
than those of the ADC captured signals. After the calibration
is finished, this difference will be accounted for in the WLAN
signal spectrum analysis and noise floor comparisons from
here on.

We provide the PSD of the four WLAN signals captured

by the SA and the ADC board in Figs. 8 and 9, respectively.
Though spurious tones can be observed Fig. 9, they were
significantly lower than the signal parts. The result shows that
the ADC data can provide reliable spectrum evaluation for the
WLAN signals. It is observed that the noise floor of the ADC
board (around —135 dBm/Hz) is substantially higher than that
of the SA (around —142 dBm/Hz).

Next, we evaluate RF parameters based on the PSD results
of the ADC and SA data. Since the WLAN spectrum values
vary significantly in the signal RF range (F.,, —Bw /2, Fc n+
Bw /2), forn =1,...,4, we apply a moving-average smooth-
ing algorithm that has a window size of 100 to the original
PSD values generated by the SA. In the ADC-based spectrum
evaluation, since the Welch-based PSD algorithm is applied,
the PSD values are already smoothed and so there is no need
to provide an additional smoothing process.

Then we utilize a peak search algorithm given in a commer-
cial software to search for the center frequency and bandwidth
of each WLAN signal. In the search for a WLAN signal,
we define Sp,, min as the minimum acceptable signal band-
width, Sthmin as the minimum threshold value to declare the
presence of a signal, and Fis min as the minimum frequency
separation of two signals.

Then in the signal detection and parameter estimation we
set Fdist,min = 2.5Bw, SBW,min = 0.5Bw (with By = 20
MHz), and Sthmin = 1.2E[P,(f)], where P,(f) is the noise
PSD values, obtained by using noise floor values around the
signal peaks, and E[-] refers to the ensemble average. After
the signals are detected, we implement the RF parameters
estimation by adjusting the signal detection threshold to be
3-dB lower than the average signal PSD level. The obtained
bandwidth estimation result is equivalent to that based on the
3-dB signal bandwith definition.

Note that the purpose of this study and the proposed peak
search algorithm is not to develop advanced signal parameter
estimation algorithms that can achieve the best rMSE, but
to provide a benchmark method to evaluate the quality and
distortion of the ADC data when compared to the SA data.

Based on the CW signal calibration, the signal center fre-
quencies estimates are provided in Table I. Here, we measured
the SA result using both the instantaneous mode (also known
as the real-time mode) and the sweeping mode, respectively.
We use the instantaneous mode as the true result, since we
did measurement calibration on this mode. The result shows
that the received CW frequencies reported by the SA (with
the instantaneous mode) have some offset from the nominal
SDR transmission frequencies. This suggests that the SDR
transmitter has a RF drift and may need a calibration in the
future work. It is observed that the ADC data provides an
accurate estimate of the CW signal center frequencies, with
an rMSE being no more than 0.07 MHz,

For further comparison between the ADC and SA data, the
estimated signal bandwidths via the SA and ADC WLAN data
are provided in Table II. The rtMSE of the ADC bandwidth
estimation was calculated by assuming the corresponding
SA sweep mode bandwidth estimate as the true value. It is



F.. Signal 1 ~ Signal 2  Signal 3  Signal 4
Nominal 62750 64350 67550  6.8750
(Transmitter)
SA (mean, GHz, |0 17001 ca3sa1 675541  6.87541
Instantaneous mode)
SA (mean, GHz, | 0 )05/ 64354 67554 68754
Sweep mode)
ADC (mean,GHz) | 62755 64355 6.7555  6.8755
ADC (fMSE, MHz) | 0.0608 _ 0.0665  0.0628 _ 0.0647

TABLE I: The mean and rMSE of the estimated signal center
frequencies via the ADC CW data, in comparison with the SA
data.

By,n (MHz) Signal 1 ~ Signal 2 Signal 3  Signal 4
Nominal 20 20 20 20
SA (sweep mode) 19.03 18.89 18.84 18.80
ADC (mean) 19.01 18.76 18.63 18.59
ADC (rMSE) 0.0445 0.1348 0.2141 0.2159

TABLE II: The estimated signal bandwidths via the SA and
ADC WLAN data, respectively.

SNR (dB) Signal 1  Signal 2 Signal 3  Signal 4

SA (mean) 32.67 32.66 32.02 29.85
ADC (mean) 23.90 23.65 23.01 20.65
ADC (rMSE) 8.11 8.00 7.05 4.79

TABLE III: The mean and rMSE of the estimated signal SNRs
via the SA and ADC WLAN data, respectively.

observed that the ADC data-based bandwidth estimates are
very close to these provided by the SA data, and the rMSE is
not significant compared to the true bandwidth.

Finally, we evaluate the SNR loss caused by the simplified
receiver compared to the SA data. By using the PSD values,
the signal power of signal n is given by

Fc,7L+BW/2

Sun= | PL(f)df G)
F‘c,n_BW/2

where P,(f) is the PSD of the data x(¢). We estimate the

SNR of signal n by

SNRn = n,lot/Nn - 1, (4)

where N,, is the power of the noise with the same bandwidth
as Sy, 1ot that corrupts signal n, and its PSD values is obtained
by using noise floor samples adjacent to the signal in the fre-
quency domain. The estimated SNRs of the SA and ADC data
are given by Table III, which shows that the SNR loss of the
simplified receiver structure compared to the SA ranges from
8.7 to 9.2 dB. However, given the simpler receiver structure
compared to a full-size, commercial SA, this loss may be
acceptable in some applications. Furthermore, increasing F
can reduce the signal Nyquist zone number, and can potentially
mitigate this loss. This will be studied in the future work.

V. CONCLUSION

In this paper, we have proposed and studied a simplified
receiver structure that utilizes a BPF and ADC board for
direct RF sampling and super-wideband spectrum sensing. We
have implemented multi-port SDR programming to transmit
multiple arbitrary waveforms (such as WLAN signals) si-
multaneously, and a CW-signal based ADC data calibration
to support spectrum analysis. To evaluate the RF parameters
estimation performance using the ADC board, we used the
SA results as a performance benchmark. The measured results
showed that the ADC board signals (with direct RF sampling)
can reliably estimate center frequency and bandwidth of each
signal, and the SNR loss is relatively tolerable. These findings
demonstrate that the proposed BPF and ADC hardware can
effectively support super-wideband spectrum sensing with
a simplified structure. Further study of this approach cou-
pled with commercial development may lead to novel cost-
competitive RF sensing front-ends. In the future work, we plan
to study the performance of direct RF sampling on other high
frequency bands and radiated test to support next-generation
spectrum sensing and sharing applications.
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