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ABSTRACT
Spectrum sensing plays a crucial role in spectrum monitoring and
management. However, due to the expensive cost of high-speed
ADCs, wideband spectrum sensing is a long-standing challenge. In
this paper, we present how to transform Ultra-wideband (UWB) de-
vices into a spectrum sensor which can provide wideband spectrum
monitoring at a low cost. Compared with the expensive high-speed
ADCs which cost at least hundreds of dollars, a UWB device is only
several dollars. As the low-cost UWB technology is not originally
designed for spectrum sensing, we address the inherent limitations
of low-cost devices such as limited memory, low SPI speed and low
accuracy, and show how to obtain spectrum occupancy information
from the noisy and spurious UWB channel impulse response. In this
paper, we present WISE, which not only can give accurate channel
occupancy information, but also can precisely estimate the signal
power and bandwidth.WISE can also detect fleeting radar signals.
We implement WISE and perform extensive evaluations with both
controlled experiments and field tests. Results show that WISE can
sense up to 900MHz bandwidth and the power estimation error is
less than 3dB.WISE can also accurately detect busy 5G channels.
We believe that WISE provides a new paradigm for low-cost wide-
band spectrum sensing, which is critical for large-scale fine-grained
spectrum monitoring.

CCS CONCEPTS
• Networks → Network monitoring; Mobile networks.
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1 INTRODUCTION
With the unprecedented amount of wireless traffic and rapidly in-
creasing number of untethered devices, the limited spectrum has
been recognized as a scarce, valuable resource. The key to address-
ing the spectrum scarcity issue is to have a better understanding
of the spectrum usage pattern, that is, global information about
which channel is occupied/available in both spatial and temporal
domains. Thus, city-level fine-grained spectrum monitoring is of
vital importance to help regulators make strategic allocations. It
is also the key to the success of dynamic spectrum access, where
the spectrum is shared among multiple radio access technologies
(RATs). For example, in the US, Wi-Fi 6E and 5G New Radio Un-
licensed (NR-U) will share the unlicensed 6GHz band [19], where
the whole bandwidth is 1200MHz (5925 − 7125MHz); LTE/5G and
military radar are sharing the 150MHz CBRS band at 3.5GHz [18].

However, wideband spectrum sensing has been a long-standing
challenge. As we know, wideband spectrum sensing requires high-
speed ADCs, which are too expensive to be widely affordable. Prior
works have proposed several solutions [24, 35, 39, 46], where a
low-speed ADC scans a portion of the spectrum each time and
stitches the results to generate a wideband spectrum map. Such
design principles naturally lead to the drawback that transient
signals (e.g., radar) can be easily missed. Researchers also com-
bine software-defined radios with signal processing techniques
(e.g., sparse Fourier transform [20, 25, 26]) and advanced scanning
strategies [24, 39, 46] to provide wideband spectrum sensing. Un-
fortunately, they are feasible only when the spectrum is sparsely oc-
cupied, which is not always true given the ever-increasing demand
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Figure 1: System overview of WISE.

for spectrum. 𝑆3 enables sub-Nyquist rate sampling by designing
spike-train like filters [23]. However, such customized hardware is
not ready for mass production.

We ask the question that, can we enable wideband spectrummon-
itoring with low-cost, commercial off-the-shelf devices?We have an
interesting observation that Ultra-wideband (UWB) technology has
the potential to achieve this goal. UWB has a large bandwidth (up
to 1GHz), which is originally intended for high-resolution ranging.
The time-of-flight (ToF) information is derived from the channel
impulse response (CIR). The key point is that the CIRs not only
present the channel information between the UWB TX and RX pair,
but also record all in-band ongoing transmission in the air. It brings
the feasibility that we can obtain wideband channel information
from UWB receivers. UWB technology has already been integrated
into commercial products, such as smartphones (e.g., iPhone 11/12
Pro [3, 43], Galaxy Note 20 Ultra [37], and Xiaomi MIX 4 [45])
and IoT devices (e.g., Air tag [1], Apple watch [4] and Samsung
Galaxy SmartTag+ [41]), which indicates that these daily devices
may be turned into a spectrum sensor that facilitates the large-scale
spectrum sensing.

In this paper, we present WISE, a low-cost WIdeband Spectrum
sEnsing unit. As Figure 1 shows, in WISE, there is an excitation
block, a receiving block, and a sensing antenna. The excitation
block transmits UWB packets continuously to trigger the receiving
block. These UWB packets and in-air signals from the sensing
antenna are combined and then fed into the receiving block. CIRs
are extracted from the receiving block, from which we can derive
the frequency and bandwidth of the in-air signals. Although the
idea sounds straightforward, it is not trivial to achieve the goal.
Since the low-cost UWB devices can not afford high-speed clocks
and ADCs to support high sampling rates and high data transfer
rates, they show some inherent limitations, including low SPI speed
and low accuracy. To make things complicated, it is hard to predict
the power level of external signals. We attempt to overcome these
challenges as follows:
Low accuracy. A spectrum sensor with UWB chips needs to pro-
vide accurate and reliable sensing results. However, due to the
low-cost nature of UWB technology, we can hardly ensure that the
hardware returns reliable results. Since these chips are proprietary
technology, we do not have access to the internal designs. Thus, it
is hard to analyze their working mechanism but can only observe
their responses to external stimuli. From our experiments, we ob-
serve that DW1000, a popular UWB chip on the market, may return

noisy CIRs which can lead to poor sensitivity and false positives
for channel occupation. Even for the same stimulus, two DW1000
chips will return different CIRs, each with some spurious energy at
random frequencies. To address this challenge, we design a mecha-
nism to extract in-air signals from the noisy UWB CIRs, separating
external in-air signals from internal UWB signals. To handle the
spurious and random frequency response, in WISE, we utilize two
UWB receivers and let them work in parallel. Since the two chips
are unlikely to generate the same spurious frequency response, by
taking the intersections from the two receivers, spurious frequency
responses can be eliminated.
Low SPI speed. Limited by the SPI speed (20Mbps at maximum),
it takes almost 2ms to fetch one CIR sample (1016 points) from
the UWB device, i.e., DW1000. WISE will miss fleeting signals,
such as radar signals, that appear when the chip is performing
SPI communication. To address this challenge, instead of getting a
complete CIR sample, WISE will just get a portion of the CIR. This
will reduce the time required for SPI communication but comes at
the sacrifice of frequency resolution. We design a mechanism to
detect channel occupancy with incomplete CIR samples. We also
carefully decide the inter-packet time interval so thatWISE has a
high probability to detect radar signals.
Non-predictable signal power. When a high power base station
or Access Point is in close proximity, strong external signals may
overwhelm the internal UWB communication, resulting in the re-
ceiver failing to detect UWB packets and no CIRs will be available.
To make things worse, as the UWB receiver has an automatic gain
control unit, it will automatically adjust the receiver gain, which
results in uncontrollable scaling of the received signals and makes
it hard to estimate the signal power. To address this challenge,WISE
will dynamically adjust the internal transmission power according
to the UWB packet reception ratio. WhenWISE suffers high packet
loss, it is possibly due to low SINR. Thus, WISE will increase the
TX power so that the receiving block has sufficient SINRs to detect
UWB packets. As the transmission power of the internal UWB pack-
ets is a known system parameter,WISE utilizes it as a benchmark
to derive the instantaneous AGC gain, and then estimate the actual
power of the external signals.

In this paper, we design WISE, which is a low-cost wideband
spectrum sensor that has high sensing accuracy, good receiver sen-
sitivity, and a wide dynamic range. Different from existing low-cost
spectrum sensors [33–35, 47], WISE can sense a wide bandwidth
with one single detection. WISE is implemented with DW1000
UWB chips, which has the maximum receiver bandwidth about
900MHz [14].WISE can detect weak signals down to −85dBm/MHz
and has a dynamic range about 60dB. The power estimation error
is 3dB. It can also detect transient or fleeting signals like radar.
Besides,WISE has good ability to detect 5G signals and can accu-
rately estimate the power of 5G signals at different distances and
in complex environments. The total cost ofWISE is about 20 dol-
lars, making it possible to be widely deployed and used for various
purposes including 5G base station maintenance, 5G signal propa-
gation research, city-level spectrum planning or interference source
localization. As the limitations of DW1000 are generic among UWB
devices, the design principles of WISE can extend well to other
devices.

In this paper, we make the following major contributions:



WISE: Low-Cost Wide Band Spectrum Sensing Using UWB SenSys ’22, November 6–9, 2022, Boston, MA, USA

• We demonstrate the spectrum sensing capability of UWB
chips, which provides a new direction to build cheap and
wideband spectrum sensors.

• We designWISE, a low-cost spectrum sensor that supports up
to 900MHz bandwidth with high accuracy, good sensitivity,
and wide dynamic range.WISE can also detect fleeting radar
signals.

• We extensively evaluate the performance of WISE. From the
results, we can see that WISE can achieve good accuracy in
busy channel detection and signal power/bandwidth estima-
tion. We also show thatWISE can detect busy 5G channels
and accurately estimate 5G signal power.

The remainder of this paper is organized as follows. In Section 2,
we introduce UWB technology and the rationale why UWB can
be used for spectrum sensing. We present the system overview
in Section 3 and system design details are illustrated in Section 4.
Implementation details are described in Section 5 and evaluation
results are present in Section 6.We review related works in Section 7
and discuss remaining issues in Section 8. Finally, we conclude this
work in Section 9.

2 SPECTRUM SENSING CAPABILITY OF UWB
In this section, we explore the spectrum sensing capability of UWB.
We first introduce the UWB technology and then illustrate why
it can provide the spectrum sensing function. Following that, we
illustrate the system requirements for such a low-cost wideband
spectrum sensor.

2.1 Ultra-Wideband Technology
Ultra-wideband (UWB) technology transmits signals over a wide
bandwidth (>500 MHz). According to the Federal Communications
Commission (FCC), the frequency range of UWB is from 3.1 to 10.6
GHz, and the power spectral density (PSD) limit is −41.3dBm/MHz.
Typical applications of UWB include ranging and indoor localiza-
tion. UWB can track assets at a precision of 10 cm, which is a
big advantage over Wi-Fi and Bluetooth. Recently, UWB has been
integrated into many commercial devices for positioning, track-
ing, and sensing. For example, Apple’s latest iPhones have enabled
UWB technology and Apple also released the UWB-equipped asset
tracking gadget, AirTag. Samsung has also launched UWB-enabled
smartphones and SmartTag+, which is similar to AirTag.

The key that UWB can achieve high ranging resolution is that it
can obtain high-precision timestamps. According to IEEE 802.15.4-
2011 standard [27], the LSB of the ranging counter value shall
represent 1/128 of a chip time at the mandatory chipping rate of
499.2MHz, that is, 63.897GHz. DW1000, a popular UWB chip on
the market, can provide a time resolution of 15.65 picoseconds.

The frame format of a UWB packet is shown in Figure 2. There
is a preamble field, followed by the start of frame delimiter (SFD),
PHY header (PHR) and the payload. The UWB TX will record the
timestamp when the first symbol of the PHR is transmitted, and
accordingly, the RXwill record the timestampwhen the first symbol
of the PHR is received. In this way, time-of-flight (ToF) can be
calculated. For the rest of the paper, we will describe our system
based on DW1000, a popular UWB chip from Decawave, which has
been acquired by Qorvo.

Figure 2: Frame format for UWB packets (from [14]).

(a) UWB communication

(b) UWB communication with 5G signal

Figure 3: UWB communication with/without in-air signals.

The preamble sequence has a property of perfect periodic au-
tocorrelation, which allows a coherent receiver to determine the
exact impulse response of the RF channel between transmitter and
receiver [12][14]. DW1000 provides access to the channel impulse
response (CIR) data. For each tap of the CIR, it is a complex value,
with a 16-bit real integer and a 16-bit imaginary integer. Each tap
represents a 1 ns sample interval. To be more precise, it is half a
period of the 499.2 MHz fundamental frequency. For simplicity, we
say that the sampling frequency is 1 GHz.

2.2 UWB for Spectrum Sensing
Assume that there is only a UWB TX and a UWB RX in the system,
as shown in Figure 3(a). When the TX transmits the preamble
sequence 𝑝 (𝑡), the RX will receive

𝑦 (𝑡) = 𝑝 (𝑡) ∗ ℎ(𝑡),

where ℎ(𝑡) is the channel impulse response (CIR) between the TX
and RX, and ∗ denotes convolution. To obtain CIR, the RX performs
decorrelation of the received signal 𝑦 (𝑡) with the known preamble
sequence.

When there are other transmitters in the air, as shown in Fig-
ure 3(b), we denote the superimposed signals arriving at RX’s an-
tenna by 𝑥 (𝑡). In this case, the RX receives

𝑦 (𝑡) = 𝑝 (𝑡) ∗ ℎ(𝑡) + 𝑥 (𝑡) .

In this case, the CIR turns out to be:

ℎ̂(𝑡) = 𝑝 (−𝑡) ∗ 𝑦 (𝑡) = ℎ(𝑡) + 𝑝 (−𝑡) ∗ 𝑥 (𝑡). (1)

The RX stores ℎ̂(𝑡) in the CIR memory of DW1000. We note that
ℎ̂(𝑡) not only contains the information aboutℎ(𝑡), but also the other
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in-band signals in the air. Transforming Eq. (1) into the frequency
domain, it becomes

�̂� (𝑓 ) = 𝐻 (𝑓 ) + 𝑃 (𝑓 ) · 𝑋 (𝑓 ) . (2)

𝑋 (𝑓 ) is the frequency domain representation of the in-air signals,
which shows the working frequency and bandwidth of the non-
UWB transmitters. 𝑃 (𝑓 ) is the frequency domain representation of
the preamble sequence.

When the channel between UWB TX and RX is stable, we can
consider 𝐻 (𝑓 ) as a known constant. Furthermore, according to the
measurement result in [13], the UWB signals have a flat frequency
response for the whole band (i.e., 500MHz), so we have |𝑃 (𝑓 ) | ≈ 𝑐 ,
where 𝑐 is a constant. Thus, �̂� (𝑓 ) contains the spectrum usage
information, i.e., which frequency bands are occupied and which
bands are idle. It indicates that we can use UWB chips for spectrum
sensing. Since the bandwidth of UWB is up to 900MHz, we can use
the low-cost UWB chip to achieve wideband spectrum sensing. The
frequency range of UWB ranges from 3.1GHz to 10.6 GHz, which
covers the 3.5 GHz CBRS band and 6GHz unlicensed band. Thus,
WISE can serve as a spectrum sensor for dynamic spectrum access
in these bands.

Here we show some illustrative experiment results. We set up a
USRP next to the UWB transceivers to transmit single-tone signals
at 3.964GHz. We read CIR samples from DW1000 and perform FFT
on the samples to get the channel frequency response (CFR). As the
CIR sampling interval is 1ns and there are 1016 samples in total, the
frequency resolution of the FFT bins is roughly 1MHz. Figure 5(a)
shows the CFR when the USRP is not transmitting and Figure 5(b)
shows the CFR when the USRP is transmitting. From Figure 5(b),
we can see that the CFR has high peaks around 3.964GHz, which
indicates that the UWB captures the single-tone signal transmitted
by the USRP. This demonstrates the feasibility of using UWB for
spectrum sensing.

2.3 System requirements
As UWB is low-cost and wideband by nature, when using it as
a spectrum sensor, it needs to meet the following performance
requirements:

• High accuracy: It should provide reliable results for channel
occupancy detection, with low false positive rate and low
false negative rate for the entire band; it should also provide
accurate estimations of the signal power/bandwidth.

• Good sensitivity: First, it should be able to detect weak sig-
nals. We expect that WISE should have the same sensitivity
as a typical software-defined radio, e.g., USRP. Second, it
should be able to detect short transient packets and fleeting
signals, such as radar signals in CBRS band.

• Wide dynamic range: It reflects the ability of WISE to detect
both high-power and low-power signals. It should be able to
detect both strong and weak signals.

In the following sections, we will describe how we design WISE to
meet these requirements.

3 WISE OVERVIEW
In this section, we first present the system structure and then give
the signal processing flow of WISE. As shown in Figure 1, WISE

has three main components, the excitation block, the receiving
block and the controller. The excitation block is a UWB transmitter,
which is responsible for transmitting UWB packets continuously.
These packets serve as excitation signals to trigger the receiving
block. The receiving block consists of UWB receivers, which are
responsible for retrieving the CIRs. The sensing antenna is used for
picking up ongoing transmissions in the air. A combiner combines
the sensing antenna and excitation signals, and the output from
the combiner is fed to the receiving block via a cable. This is to
guarantee that the channel between the UWB TX and RX is as
stable as possible. Note that the signals from the excitation block
are not emitted into the air, so its continuous transmission will not
cause long-lasting interference. The controller is responsible for
TX power control, working mode selection and CIR processing.

Figure 4 shows the signal processing flow inWISE. Data process-
ing is mainly performed at the receiving block and it supports two
working modes. In normal mode, the first step is to extract in-air
signals from noisy CIRs. It is essential to separate the internal UWB
signals and in-air signals, which greatly reduces noise level and
improves the system sensitivity. The second step is to estimate the
power of signals.WISE uses the internal signal as the benchmark to
estimate the instantaneous AGC gain and then estimates the power
of external signals. Then, we use a dynamic threshold to classify
busy/idle channels. The last step is to improve the frequency resolu-
tion. The idea is to concatenate multiple CIRs to generate a longer
observing window and thus achieve finer frequency resolution. The
signal processing flow in radar mode is similar, but differs in the
way that we perform in-air signal extraction and power estimation.
It also does not have the CIR concatenation step. The details can be
found in Section 4.

Figure 4: Signal processing flow in WISE.

4 WISE DESIGN
In this section, we present the design details for each component
in WISE.
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4.1 Excitation Block
The excitation block is a UWB transmitter, which is intended to trig-
ger the receiving block. According to the user manual of DW1000
[14], once the preamble sequence is detected, the receiver will begin
accumulating correlated preamble symbols. Thus, the excitation
block transmits UWB packets continuously, which will trigger the
receiving block to get constantly updated CIRs. In WISE, we use
UWB transceivers just for obtaining CIRs, not for data communi-
cations. Thus, we put only 1 byte data in the payload to make the
packets as short as possible.

In order to make sure that the preamble signal can be detected
by receivers so as to trigger spectrum sensing, the excitation block
needs to dynamically adjust the transmission power to avoid the
UWB preamble being buried in strong external signals or being too
strong to bury the external signals. Besides, we hopeWISE can have
good sensitivity and wide dynamic range. InWISE, we adopt the
following control strategy. In the excitation block, we switch the TX
power level between two states. By default, the excitation block will
transmit at a low power level (State 1). When no UWB packets are
detected by the receiving block for a certain time interval, which is
possibly due to low SINR, the receiving block will raise a timeout
event. In this case, WISE will increase the transmission power of
the excitation block (State 2). When the high-power external signal
vanishes,WISE will switch the TX power to the default low level
(State 1).

In order to determine these two power levels, we first use an at-
tenuator to tune the power level of the excitation block. The results
are shown in Figure 16. We can see when with a weak preamble
power (i.e., −104.3 dBm/MHz), the channel impulse response is
very noisy, which makes it hard to extract in-air signal and results
in a narrow sensing range. Therefore, we attempt to increase the
preamble power. When the power level comes to −86.3 dBm/MHz,
WISE has the widest sensing range and also has good sensitivity.
Thus, we set the power level to be −86.3 dBm/MHz in State 1. As
DW1000 can adjust the transmission power around 30 dB and we
want to have a wide dynamic range, we set the power level to be
−56.3 dBm/MHz in State 2.

Through testing, we find that WISE have around 30dB dynamic
range in one state. That is, it can detect signals from −85dBm/MHz
to −54 dBm/MHz in State 1, and in State 2, it can detect signals with
power from −60dBm/MHz to −34dBm/MHz. The whole dynamic
range is −85 dBm/MHz ∼ −34dBm/MHz.

4.2 Receiving Block
Before introducing the design details of receiving block, we first
present how UWB chips estimate channel impulse response, which
will help readers understand the design rationale of WISE.

4.2.1 CIRs from UWB. According to IEEE standard, each preamble
symbol is about 1us and the number of symbols in the preamble can
range from 64 to 4096. DW1000 obtains CIR by cross-correlating
the received signals with the predefined preamble sequence. The
accumulation results are stored in a buffer, named accumulator.
Accumulation stops when detecting SFD, while it may stop earlier
if the accumulator grows quickly. After saturation, channel impulse
response, i.e., the accumulation results, could be read from the
accumulator buffer.

As the values we get from the accumulator buffer are the CIR, to
analyze the frequency response, we perform FFT on the CIR to get
the CFR.

4.2.2 In-air Signal Extraction. According to Equation (2), the CFR
we obtained is actually �̂� (𝑓 ), while the spectrum occupation infor-
mation is contained in 𝑋 (𝑓 ). 𝐻 (𝑓 ) is the channel response corre-
sponding to the wired channel between UWB TX and RX, which
is supposed to be stable. Figure 5(a) shows the CFR when there
is no external signal. As long as WISE is set up, we can consider
𝐻 (𝑓 ) to be constant. During initialization, WISE will turn off the
RF antenna, where there are only internal UWB signals via the
wired cable. WISE can obtain 𝐻 (𝑓 ) under this circumstance and
use it for the following signal extraction procedure. Thus, we can
measure 𝐻 (𝑓 ) as a system parameter and subtract it from �̂� (𝑓 ).
𝑃 (𝑓 ) is the frequency response of the preamble sequence. As de-
fined in IEEE 802.15.4-2011, the preamble is a sequence of short
pulses. From the measurement results in [13], we can see that UWB
signals have a flat frequency response for the whole band. Thus,
we have |𝑃 (𝑓 ) | ≈ 𝑐 , where 𝑐 depends on the transmission power of
the excitation block and is also a known system parameter.

However, we can not directly apply Equation (2) to estimate
𝑋 (𝑓 ). This is because DW1000 has an automatic gain control (AGC)
unit. The AGC will dynamically adjust the receiver gain to ensure
optimal receiver performance. Assume that the actual amplitude
for frequency 𝑓 is 𝑎𝑓 while the amplitude of frequency 𝑓 in the
FFT results is 𝐴𝑓 , then the receiving amplitude 𝐴𝑓 = 𝑘𝑎𝑓 , where
𝑘 is an unknown coefficient. So the �̂� (𝑓 ) is actually described by
Equation (3):

�̂� (𝑓 ) = 𝑘 · [𝐻 (𝑓 ) + 𝑃 (𝑓 ) · 𝑋 (𝑓 )] . (3)

Therefore, we need to figure out 𝑘 before estimating 𝑋 (𝑓 ).
We use a signal generator to transmit 50MHz and 300MHz signals

and the corresponding CFRs are shown in Figure 6. Comparing with
Figure 5(a), where there is no in-air signals and thus only the𝑘 ·𝐻 (𝑓 )
component, the 𝑃 (𝑓 ) · 𝑋 (𝑓 ) term has more spikes in the frequency
domain. Thus, we can use a low-degree polynomial to fit the more
smooth 𝑘 ·𝐻 (𝑓 ) part, shown as the red curve in Figure 6. We apply
a 16-order polynomial curve-fitting on �̂� (𝑓 ). We denote the fitting
results by 𝐹 (𝑓 ), which is mainly dominated by 𝑘 · 𝐻 (𝑓 ). As we
mentioned above, 𝐻 (𝑓 ) is a known system parameter. Then, we
model it as an optimization problem to determine the scaling factor
𝑘 as follows:

𝑘 = argmin
𝛼

𝑓max∑︁
𝑓 =𝑓min

[𝐹 (𝑓 ) − 𝛼 · 𝐻 (𝑓 )]2 . (4)

In this paper, we simply iterate over the possible range of 𝑘 and
determine the optimal value. Since the scaling factor 𝑘 is now
known, we can estimate 𝑋 (𝑓 ) as follows:

|𝑋 (𝑓 ) | =
�� 1
𝑘
· �̂� (𝑓 ) − 𝐻 (𝑓 )

��
|𝑃 (𝑓 ) | .

Comparing Figure 5(c) and Figure 5(d), we can see that with AGC
calibration, the extracted in-air signal has a better SNR.
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(a) CFR without external signal (b) CFR with external signal (c) Without AGC calibration (d) With AGC calibration

Figure 5: CFRs with and without external signals.

(a) 50MHz signal (b) 300MHz signal

Figure 6: CFRs for 50MHz and 300MHz signal.

4.2.3 Signal Power Estimation. From the above step, we have ex-
tracted the in-air signal from the CFR. Next, we estimate the signal
power for each frequency bin. According to the user manual of
DW1000, the power of every frequency bin can be calculated using
the following equation:

𝑃𝑜𝑤𝑒𝑟𝑅𝑥 (𝑓 ) = 10 × log10
©«
𝐴2
𝑓

𝑁 2
ª®¬ −𝐶 dBm. (5)

Here, 𝐴𝑓 is the amplitude of frequency 𝑓 in 𝑋 (𝑓 ) and 𝑁 is the
number of preamble symbols involved in the accumulation process,
which can be read from PACC register.𝐶 is a constant for calibration,
which is defined as 121.74 according to the DW1000 user manual.
Since AGC has amplified/attenuated the receiving signals by the
scaling factor 𝑘 , the Equation (5) turns to be:

𝑃𝑜𝑤𝑒𝑟𝑅𝑥 (𝑓 ) = 10 × log10
©«

𝐴2
𝑓

𝑘2 · 𝑁 2
ª®¬ −𝐶 dBm.

Thus, we can estimate the power for each frequency bin in the CFR.

4.2.4 Channel OccupationDetection. In order to determinewhether
the channel is occupied, we attempt to set a dynamic threshold. We
design this threshold as follows:

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝛽 ·𝑚𝑒𝑎𝑛( |𝑋 (𝑓 ) |) ·
∑

𝑓 |𝑋 (𝑓 ) |
𝑚𝑎𝑥 ( |𝑋 (𝑓 ) |) , (6)

where 𝛽 is a coefficient. For a frequency bin, if its amplitude is
larger than the threshold, we consider that the channel is occupied;
otherwise, we consider the channel to be idle.

(a) CFRs from Device 1 and Device 2 (b) Intersections of Device 1 and Device 2

Figure 7: Spurious frequency response.

Besides, we observe that the UWB chips may have some spurious
frequency responses. We observe that, if we feed the same stimu-
lus to the UWB chip multiple times, the chip may return different
frequency responses; if the same stimulus is fed into two chips at
the same time, they may also return different results, as shown in
Figure 7. A nearby transmitter is transiting at 3.84GHz, but both
devices have some spurious peaks at other frequencies. This phe-
nomenon is quite random and unpredictable. As UWB is proprietary
technology, it is hard to find the root cause for this uncontrollable
phenomenon. In order to address this problem, WISE integrates
two UWB receivers in the receiving block. It is very unlikely that
the spurious responses will appear at the same frequency. Thus, by
taking the intersection of the CFRs from the two receivers, these
spurious responses can be eliminated. By taking the intersections
of Device 1 and Device 2 in Figure 7(a) , the spurious responses are
eliminated. The results are shown in Figure 7(b). We will show in
Section 6.2. that with two receivers the false positive rates can be
greatly reduced.

Through the above steps, we can determine the frequency, power
and bandwidth of the in-air signal.

4.2.5 Radar Mode. As we mentioned in Section 4.2.1, WISE senses
the in-air signals within the duration of the preamble. For a 64-
symbol preamble, the preamble lasts for 64µs. However, because of
the limit of SPI speed (e.g., 20Mbps at maximum), it takes almost
2ms to fetch the 1016-point CIR data from the DW1000 chips. That
means that WISE can only perform one round of spectrum sensing
in every 2ms, during which the 64µs is the sensing time while
the rest time is for SPI communication. The long SPI reading time
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leads to a high possibility of missing fleeting or transient signals.
For example, some radar signals have only one short pulse (e.g.,
1−100µs) every 1ms. Thus, it is difficult to detect those signals, as the
pulse has a high probability to occur when the WISE is performing
SPI communication.

To address this problem, we define a radar mode in WISE. As
more CIR points means longer SPI communication time, in radar
mode, instead of getting 1016-point CIR, we just read a portion of
each CIR sample from the DW1000 chip. On one hand, in radar
mode, we aim to have a high update rate and thus prefer as few
CIR points as possible; on the other hand, WISE wants to preserve
a good frequency resolution. Given the 1ns sampling interval, in
order to have at least 10MHz frequency resolution, we need at least
128 CIR points for FFT operations. Hence, WISE retrieves 150 CIR
points in radar mode (extra 22 points for rough AGC calibration as
explained below). According to the user manual, DW1000 arranges
the CIR buffer so that the first path index is around 750. Thus,
we will read the CIR indexing from 615 to 765, reducing the SPI
communication time to around 500µs. However, it comes at the
sacrifice of information and spectral resolution.

In this mode, the procedure for in-air signal extraction in Sec-
tion 4.2.2 no longer works well due to poor resolution. Thus, we
propose an alternative solution for in-air signal extraction and sig-
nal power estimation. We further separate the 150-point CIR into
two parts. The first part contains CIR1=CIR[615:735] and the second
part contains CIR2=CIR[735:765]. We mainly use CIR1 for signal
detection and CIR2 for power estimation.

As we mentioned above, the first path index is around 750. In
WISE, the first path refers to the wired channel between the excita-
tion block and the receiving block, i.e., 𝐻 (𝑓 ). Thus, the energy of
CIR2 mainly corresponds to the UWB signal received via the wired
channel, i.e., the 𝑘 ·𝐻 (𝑓 ) term in Equation (3). As the transmission
power 𝑃𝑜𝑤𝑒𝑟𝑇𝑋 is a known system parameter, we can estimate 𝑘
as follows:

𝑘 ≈
∑765
𝑖=735𝐶𝐼𝑅 [𝑖]

2

𝑃𝑜𝑤𝑒𝑟𝑇𝑋
.

Compared with CIR2, the first path is less dominate in CIR1. Thus,
for signal detection, we pad zeros to CIR1 and perform 128-point
FFT on CIR1 to get the CFR. We also use Equation (6) to detect the
channel occupation.

Although we have reduced the SPI communication time, there
is still around 500µs interval between two detections. There are
possibilities that radar pulses will appear in this time gap and results
in miss detection. As radar signals are composed of a number of
pulses, we can detect its existence as long as one of the pulses falls
within the UWB preamble duration.

We can formulate the problem for radar detection as follows.
Assume that the radar signal has a pulse lasting for 𝑟 second and
one pulse is transmitted every 𝑅 second. We use 𝑥 (𝑡) to denote the
radar pulse occurring at time 𝑡 . There are 𝐾 pulses in total. We use
𝑅𝑎𝑑𝑎𝑟 (𝑡) to denote the radar signal:

𝑅𝑎𝑑𝑎𝑟 (𝑡) =
{
𝑥 (𝑡) 𝑅 · 𝑘 < 𝑡 < 𝑅 · 𝑘 + 𝑟, 𝑘 = 0, 1, · · · , 𝐾 − 1
0 𝑒𝑙𝑠𝑒

(7)

We assume that the UWB preamble lasts for 𝜇 second. We can use
a binary function to indicate whether WISE is sensing or not:

WISE(𝑡) =
{

1 𝑇 ·𝑚 + 𝛿 < 𝑡 < 𝑇 ·𝑚 + 𝛿 + 𝜇,𝑚 = −∞, · · · , 0, · · · ,∞
0 𝑒𝑙𝑠𝑒

(8)
where 𝑇 is the sensing cycle of WISE and 𝛿 is the time offset be-
tween the WISE and radar cycles. When WISE is sensing at time 𝑡 ,
WISE(𝑡) = 1; otherwise, WISE is performing SPI communication
and WISE(𝑡) = 0. Note that we set 𝑡 = 0 when the first pulse in the
radar signal is transmitted, and thus in Equation (8),𝑚 could be
negative.

In order to detect the radar signal, we need to gurantee that at
least one of the pulses is transmitted when WISE is sensing, that is,
we need to gurantee that for any 𝛿 ∈ [0,𝑇 ], the following condition
holds: ∑︁

𝑡

𝑅𝑎𝑑𝑎𝑟 (𝑡) ·𝑊𝐼𝑆𝐸 (𝑡) > 0. (9)

We need to determine the appropriate WISE sensing cycle 𝑇 . To
make things simple, we can search for a feasible 𝑇 , starting from
the minimum value 564𝜇s (e.g., 64𝜇s for sensing, 500𝜇s for SPI
communication).

Figure 8 gives an illustrative example. Consider a typical radar
signal, where 𝑅 = 1ms, 𝑟 = 1µs, 𝑘 = 15. Assume that the preamble
of UWB packet lasts for 64𝜇s, i.e., 𝜇 = 64𝜇s. When 𝑇 = 579𝜇s (e.g.,
15𝜇s idle time), Equation (9) holds for any 𝛿 . By setting the inter-
packet time to 15𝜇s, we can guarantee that WISE can capture at
least one radar pulse. Here, we simply assume that the inter-packet
interval is a constant value. In future work, we can set a variable
inter-packet interval.

Figure 8: Setting inter-packet interval for radar detection

As we mentioned above, we reduce the SPI communication time
at the sacrifice of resolution. Thus,WISE will switch between two
modes, i.e., the normal mode and the radar mode. To avoid missing
radar signals, by default,WISE will stay in the radar mode; it will
switch to the normal mode when detecting a lasting signal, as the
normal mode can provide better resolution and higher detection
accuracy. By comparing the CFRs from two scans, we can determine
the signal is lasting or fleeting. The working flow ofWISE is shown
in Figure 9.

4.2.6 Packet Aggregation. As we mentioned above, the CIR sam-
pling interval is 1ns and there are 1016 samples in total. Thus, the
frequency resolution of the FFT bins is roughly 1MHz. This may re-
sult in inaccurate bandwidth estimation and miss some narrowband
signals. In order to have a finer frequency resolution, we perform
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Figure 9: Mode selection in WISE.

packet aggregation on successive packets. The idea sounds straight-
forward. By concatenating CIRs from successive packets, we can
get a longer observation window. Then, we will naturally have a
finer frequency resolution.

Figure 10: CIR concatenation.

Here, we convert the CFRs (after noise reduction) to the time
domain CIRs by IFFT. Figure 10 shows the CIRs for 2 successive
packets. We can see that these CIRs are not continuous in the time
domain. Direct concatenation will lead to spectral leakage, where
the FFT results are also shown in Figure 10.

In order to address this issue, we do not directly concatenate
CIRs, but align successive CIRs according to the following steps.

First, we normalize the amplitude of CIRs, so as to avoid the data
discontinuity caused by large amplitude differences. Second, in
order to minimize data discontinuity, we need to find a data sample
in the two CIRs that have the same data value and first derivative.
To make the computation easy, we identify the last peak in the
preceding CIR and the first peak in the current CIR. We discard
the CIR points between the two peaks and concatenate the two
CIRs (by replacing the two peaks with their average value). This

Figure 11: WISE prototype

is reasonable for two reasons. First, after amplitude normalization,
peaks have the same values; second, the first derivative of peaks
are both zeros. Thus, concatenating two peaks can provide good
data continuity and avoid frequency leakage. Figure 10 illustrates
this process. In this way, the concatenated CIRs turn out to be a
continuous signal.We can see that after CIR alignments, the spectral
leakage phenomenon has been greatly improved.

To improve the spectrum update rate under concatenating, in
WISE, we build a queue to store 𝑁 successive CIRs. When WISE
obtains a new CIR,WISE will delete the oldest CIR and appends the
latest CIR to the queue. Finally, WISE performs packet aggregation
on these 𝑁 CIRs. In this way, the spectrum sensing results can be
updated every time when a new CIR is obtained.

5 IMPLEMENTATION
5.1 Prototype
We build a prototype of WISE with three DW1000 UWB chips
(EVK1000 [15]), one for the excitation block and two for the receiv-
ing block. DW1000 supports 6 RF bands from 3.5GHz to 6.5GHz
and the maximum receiver bandwidth is about 900MHz. In this
work, the main goal is to demonstrate the feasibility of UWB chips
for spectrum sensing, and thus we use a laptop to serve as the
controller, which can be easily replaced by Raspberry Pi or MCU.
Two Cheetah SPI host adapters serve to connect the EVK1000 to the
USB port of the laptop, which can provide 20Mbps SPI speed. The
communication between the controller and DW1000 is performed
via the SPI interface. Figure 11 gives a picture of the prototype we
have built.

We control the EVK1000s by the decadrivers provided by De-
cawave. For the excitation block, we adopt the following configu-
ration: 64-symbol preamble, 64MHz PRF, 6.8MHz data rate and 1
byte payload. We use Transmit Power Control register to dynami-
cally control the TX gain. We control the System Control register
to trigger packet transmission. The receiver will read either 150
or 1016 points CIR from the ACCMEM register, depending on the
working mode of WISE.

On the controller, we use python to process the CIR data. We
use fft and ifft functions from scipy for transformation between
CIR and CFR, and use polyfit function from numpy for 16-order
polynomial curve fitting. As most processing procedures are simple
operations, the processing latency is low. The controller will decide
the TX gain and working mode for the next detection based on the
processing result.
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5.2 Testbed
We evaluate the performance ofWISE through a group of experi-
ments. We testWISE under two different settings. In the first set-
ting, we use a signal generator to generate controlled signals. Here
we use Keysight M8190A arbitrary waveform generator [28]. We
use SystemVue [30], a software produced by Keysight, to config-
ure the parameter of signals and download the designated signals
into M8190A. Then, the output from M8190A is connected to the
Keysight E8267D PSG Vector Signal Generator [29], which will up-
convert the baseband signal to any frequency between 250kHz and
20GHz. Finally, the signals with designated frequency, bandwidth,
and power are generated. In the second setting, we use WISE to
monitor on-going 5G signal in the air. We use a XIAOMI 12 pro 5G
to download a large file from the Internet and use Speedtest to get
the connection information, including channel frequency, signal
bandwidth and power. We put the WISE prototype 2 meters away
from the 5G smartphone, as shown in Figure 20. The information
from Speedtest serves as the ground truth.

6 EVALUATION
In this section, we present the evaluation results ofWISE. Wemainly
consider the following evaluation metrics:

• False Negative Rate (FNR) : The proportion of occupied fre-
quencies that WISE incorrectly reports as empty.

• False Positive Rate (FPR): The proportion of empty frequen-
cies that WISE incorrectly reports as occupied.

• True Positive Rate (TPR): the proportion of occupied frequen-
cies that WISE correctly reports as occupied.

6.1 Frequency Response
We measure the frequency response of WISE. DW1000 supports 6
channels, where channel 1, 2, 3 and 5 have 499.2MHz bandwidth,
while channel 4 and 7 support above 1GHz bandwidth (according to
the datasheet, the maximum receiver bandwidth is approximately
900 MHz). Here, we choose to measure the frequency response of
channel 2 and 7, as there are no ambient signals at these two bands
and thus we can get accurate frequency responses. We believe that
the measurement results are representative of other channels. Chan-
nel 2 covers from 3.774GHz to 4.243GHz, and channel 7 covers from
5.980GHz to 6.999GHz. In this experiment, tomeasure the frequency
response, we use the signal generator to generate a 1MHz BPSK
signal at −70dBm. We sweep its frequency from 3.7GHz to 4.3GHz
when measuring the frequency response of channel 2, and sweep
the frequency from 6.04GHz to 6.94GHz when measuring channel
7. Both channels are measured with 1MHz frequency resolution.
In order to avoid signal attenuation over wireless channels, in this
experiment, the output from the signal generator is connected to
WISE input port via a wire.

Results are shown in Figure 12. The actual bandwidth of channel
2 is approximately 400MHz, covering from 3.8GHz−4.2GHz. The
best frequency range for channel 7 to detect signals is from 6.14GHz
to 6.84GHz. Generally speaking,WISE has a flat frequency response;
for channel 2, the available bandwidth is about 400MHz, while for
channel 7, the available bandwidth is about 700 − 900MHz.

(a) Channel 2 (b) Channel 7

Figure 12: Frequency response of channel 2 and channel 7.

6.2 Different Modulation Schemes
To avoid interference from ambient cellular or ISM band signal, we
configure the working channel of DW1000 to be channel 2, ranging
from 3.774 GHz to 4.243 GHz. We check with a spectrum analyzer
that the band is originally idle. We test with three different kinds
of modulation schemes, i.e., BPSK, QAM and OFDM. The signal
bandwidth is 10MHz. We tune the center of signal frequency from
3.8 GHz to 4.2 GHz, at 20MHz interval, which results in 21 channels.
At each channel, we transmit the designated signals for 400 times.
At a specific frequency 𝑓 , if the signal is missed, we count it as a
false negative event; if other frequencies (𝑓 ′) are identified to be
occupied, we count it as a false positive event at 𝑓 ′.

Results are shown in Figure 13. In Figure 13(a), we show FPR
and FNR for different frequency bands. In each frequency, we will
transmit the signals for 1200 times in total (400 times for each
modulation scheme), and obtain the FNR by dividing the count of
false negative events by total transmission times. We can obtain
FPR similarly. In all cases, the FPR and FNR are lower than 1%,
and for more than 75% of the bands, the FPR/FNR is lower than
0.1%/0.3%, respectively. We note that FNR is generally higher than
FPR. This is because FN event happens when a signal is missed at
frequency 𝑓 , while FP event can happen at any frequency other than
𝑓 . In Figure 13(b) and Figure 13(c), the horizontal axis represents
different modulations. Each designated signal will be transmitted
for 8400 times in total (400 times for each channel). Figure 13(b)
and Figure 13(c) show that using two receivers can reduce FPR by
10 times, which is a great improvement compared to the single
receiver. We can see that WISE has indistinguishable performance
for different modulation schemes, as the difference of FNR and FPR
between different modulation schemes is less than 0.1% when two
receivers have been used.

Also, we compare the performance of WISE with different spec-
trum sensing methods, including Sweep-Sense [24], S3 [23], and
Big-band [26]. Results are as shown in Table 1. From Table 1, we
learn that,WISE has similar performance to S3. However, the spike-
train of filters in S3 is customized hardware, which is not ready
for mass production. Nevertheless,WISE is built with commercial
devices.

6.3 Different Levels of Spectrum Occupancy
In Section 6.3, we evaluate the performance ofWISE under different
levels of spectrum occupancy. We divide the whole band (i.e., 3.8
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(a) The performance at different frequencies (b) FNR of modulation schemes (c) FPR of modulation schemes

Figure 13: WISE performance under different frequencies and modulation schemes.

Table 1: Sum of false positive rate and false negative rate for
WISE and state-of-the-art prior work

.

Modulation Bigband SweepSense S3 WISE
BPSK

14.38% 4.88% 0.00%
0.28%

64QAM 0.35%
OFDM 0.35%

GHz-4.2 GHz) into 20 channels, each with 20MHz bandwidth. In
SystemVue, we emulate 20 transmitters, one at each band, each with
20MHz bandwidth. We change the level of spectrum occupancy
by switching the transmitters on and off. We vary the spectrum
occupancy from 10% to 90%. Under each level of spectrum occu-
pancy, we randomly select six combinations of transmitters. For
example, if 10% of the spectrum is busy, which corresponds to 2
active transmitters, we will randomly select six combinations out
of the total 190 possible combinations. For each spectrum occu-
pancy and transmitter combination, we will transmit signals for
400 times. If the signal in the positive band is missed, we count
it as a false negative event; if other empty bands are identified to
be occupied, we count those events as false positive events. Then
we can obtain the FNR/FPR by dividing the count of false negative
events/false positive events with total 400 transmissions in each
spectrum occupancy level.

Figure 14: CFRs under different levels of spectrumoccupancy.

Results are shown in Figure 16. We can see that WISE has good
performance at different levels of spectrum occupancy. When the
spectrum occupancy is below 40%, the FPR/FNR is less than 2%;
when the level of spectrum occupancy is below 80%, the FNR and
FPR are less than 5%. However, when the level of spectrum occu-
pancy increases, the performance of WISE will get worse. When
spectrum occupancy is up to 90%, the FNR and FPR will be around
7%. By comparing the CFR under different levels of spectrum oc-
cupancy, we infer that, when the spectrum is densely occupied,
the high FNR/FPR is caused by the low power spectral density. As
the signal is generated by M8190A, given the limited transmission
power, the power spectrum density decreases when the bandwidth
increases. This is the problem of the signal generator, but notWISE.
We believe that the performance ofWISE may not degrade when
the spectrum is occupied by independent transmitters.

6.4 Bandwidth Estimation
In this experiment, we use the testbed to generate BPSK signal
at the center frequency of 4GHz, and change its bandwidth from
50MHz to 800MHz at 50MHz granularity (e.g., 50MHz, 100MHz,
150MHz, · · · ). We configure the DW1000 to work at channel 7
(maximal 900MHz bandwidth). Under each bandwidth setting, we
repeat the experiment for 500 times. Thus, we can get 500 CIRs for
each bandwidth. We use those CIRs to evaluate the performance
of bandwidth estimation when concatenating different numbers of
CIRs (e.g., 1, 4, 8, 16).

Results are shown in Figure 15.We find that, without CIR concate-
nation, the maximum bandwidth thatWISE can detect is 300MHz;
when the signal bandwidth is larger than 300MHz, there will be
huge errors in bandwidth estimation. However, when we concate-
nate 4 CIRs, the bandwidth estimation will be more accurate, unless
the bandwidth of the testing signal is larger than 400MHz. We
can get better performance by concatenating more CIRs. However,
when we concatenate too many CIRs, the marginal gain decreases
and performance will not have much improvement, but will con-
sume more computing resources. We find that 4 CIRs aggregation
is the best choice by trading off between performance and comput-
ing resource consumption. We can accurately estimate the signal
whose bandwidth is below 400MHz. We believe that it can satisfy
the application requirements as there are hardly any signal has
such large bandwidth in sub-6G.
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Figure 15: The performance of bandwidth estimation with
packet aggregation.

6.5 Sensitivity under different levels of UWB
power

In this experiment, in order to avoid signal power attenuation over
wireless channels, the output from the signal generator is connected
to WISE input port via a wire. we configure DW1000 to work at
channel 2. We use the signal generator to transmit a 10 MHz BPSK
signal at 3.96 GHz. We set the center frequency to be 3.96 GHz as it
is the least sensitive frequency according to the frequency response
curve of channel 2. Then, we adjust its transmission power from
−85 dBm to −20 dBm with 5 dBm interval. In each power level,
the signal will be transmitted for 100 times. We evaluate the signal
power level thatWISE can detect under different UWB TX power
settings. If WISE truly detects the signal, we will count it as a true
positive event. Then we can calculate the detection rate by dividing
the count of true positive events by the total 100 transmissions.

The result is shown in Figure 16. When we set UWB TX power
to −86.3dBm/MHz (State 1),WISE is able to detect signals whose
power is from −85dBm/MHz to −54dBm/MHz, and the detection
rate is 95% at −85dBm/MHz; when we increase the UWB power to
−56.3dBm/MHz (State 2), the valid power range is −60dBm/MHz ∼
−34dBm/MHz. Therefore, the total power range that WISE can de-
tect ranges from −85dBm/MHz to −34dBm/MHz. Obviously, WISE
has better sensitivity when the UWB TX power is low. In order to
find out the weakest signal that WISE can detect, we set the TX
power of the excitation block to −104.3dBm/MHz (by adding an ex-
tra 20dB attenuator), which is the minimum power that UWB can re-
ceive. In this case,WISE can detect the BPSK signal at −89dBm/MHz
with 98% detection rate. Therefore, if we set the UWB power to
−104.3dBm/MHz,WISE can detect−89dBm/MHzweak signals. This
sensitivity is better than Sweepsense [24] and is equivalent to USRP
N210.

6.6 Power Estimation
From the frequency response curve, we notice that the response
are diverse at different frequencies. To avoid distortion in power
estimation, we have calibrated the result according to the frequency
response curve. In this experiment, to see whether the calibration
works, we test with signals at different frequencies. We use the sig-
nal generator to generate a 50MHz BPSK signal at 3.9GHz, 4.0GHz,

4.1GHz and adjust its power from −85dBm to −35dBm, where the
UWB TX power is set to −86.3dBm/MHz. Note that in Section 6.5,
the bandwidth of the testing signal is 10MHz, while the bandwidth
is 50MHz in this experiment.

Results are shown in Figure 17. WISE can estimate the signal
power within ±3dB error in its working range. Here we find that
although the signal power exceeds −44dBm, it is still able to detect
the signal. This is because we use a 50MHz signal, and its power
density is lower than a 10MHz signal given the same total power.
We can see thatWISE has good accuracy in estimating signal power.

6.7 Radar Detection
we evaluate the performance of WISE in detecting radar signals.
According to DeepRadar [38], we test with different types of radar
signals in the CBRS band.We change the parameters of radar signals,
including the pulse repetition rate (PRR), pulse width and burst
length according to DeepRadar [38]. In Table 2, we give the typical
configurations for five types of radar signals. As we present in
Section 4.2.5, as long as one pulse in the burst is detected, we
consider it as a radar detection event and count it as a true positive
event; if no pulse in a burst is identified, we will count it as false
positive events. Then we can calculate the TPR and FPR.

Table 2: Performance on radar detection

Radar Pulse PRR Burst TPR FPR
type width(us) length(ms)
1 2 1000 40 60% 0.5%
2 20 1000 20 98.6% 0.6%
3 4 1000 24 93.4% 0.8%
4 20 1000 8 85% 0.3%
5 75 1000 24 99% 0.8%

From the results, we can see that the pulse width and burst length
are deterministic factors for signal detection. A shorter burst length
indicates fewer radar pulses, which increases the probability of miss
detection. This is evident by comparing the performance of Radar
Type 2 and Radar Type 4. When the radar signal (Type 2) lasts for
over 20ms, WISE can have enough time to detect at least one pulse,
and the TPR can reach 98.6%. However, when the pulse width is
shorter than 2µs (Type 1), even if the radar pulse occurs at the
same time as the UWB preamble, we still have a high probability of
miss detection. That is because DW1000 will accumulate the cross-
correlation results of 64 symbols until saturation, the radar pulse
whose duration is 2µs can be buried in those 64µs preamble symbols,
resulting in a low SNR and thus miss detection. Another possible
reason for miss detection is that the pulse may occur after the
accumulation stops. The accumulator will stop accumulation either
when the accumulator saturates or it grows quickly. The results
in Table 2 show thatWISE has good performance in detecting the
majority of radar signals.

6.8 Transient Signal Detection
In addition to radar signals, there may be some fleeting/transient
signals in the real world. It is necessary to evaluate the performance
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Figure 16: Sensitivity under different
levels of UWB TX power

Figure 17: The performance of power
estimation

Figure 18: Transient signal detection

(a) Complex environment (b) The performance in complex environment (c) The performance of detecting concurrent transmissions

Figure 19: Performance in complex environment

ofWISE to detect those fleeting/transient signals. In this experiment,
we generate test signals whose duration varies from 150µs to 1050µs,
at 50µs granularity. We transmit the test signal every 50ms, and
repeat it over 200 times. We record how many times WISE detects
the signal. We define the detection rate ofWISE as the ratio between
the number of times that WISE successfully detects the signal and
the actual number of signal occurrences. In this experiment, we
configure WISE to work in radar mode.

Results are shown in Figure 18. As WISE has 500µs time interval
between two detections, there is about 35% probability of missing
the signal whose duration is shorter than 200µs. However, when
the signal lasts longer than 400µs, there is 95% probability that the
signal can be detected by WISE. WISE can detect the signal with
nearly 100% probability when the signal duration is longer than
1ms. From the results, we can conclude thatWISE can reliably detect
signals which last longer than 400µs.

6.9 Complex environment
In order to test the performance in more challenging setups, we
evaluateWISE in a through-the-wall scenario and with the presence
of multiple active radios. For the through-the-wall experiment, the
test environment is shown in Figure 19(a). In Room 1, we set a USRP

N210 as the signal source which continuously transmits OFDM
signal with 10 MHz bandwidth. Then we put WISE in different
rooms to detect this signal and estimate its power. In order to obtain
the ground truth, we use the RS FSH Handheld spectrum analyzer
(9KHz-8GHz)[42] to estimate the signal power in the same place as
WISE device. In each room,WISE conducts power measurement 400
times, and then we average the results of 400 measurements. Results
are shown in Figure 19(b). Although the signal has penetrated
through three walls from Room 1 to Room 4, WISE can still detect
its presence and estimate its power with less than 1 dB error.

We also test the performance ofWISE to detect concurrent trans-
missions of multiple radios. In this experiment, we use one USRP
N210 and two TX channels of USRP 2974 to send OFDM signal with
10MHz bandwidth at center frequencies of 3.4 GHz (USRP N210),
3.45 GHz (channel 0 of USRP 2974), 3.55 GHz (channel 1 of USRP
2974), concurrently. At the same time, we use a 5G base station
emulator (5GS-W500 from V3 technology) to transmit 5G signals at
NR77/78 band (3.6 ∼ 3.7 GHz). Then we useWISE to detect these
four signals. The result is shown in Figure 19(c). We can see that
WISE has successfully captured the signal at each corresponding
frequency. Thus,WISE can work reliably when there are concurrent
transmissions of multiple radios in the environment.
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(a) Testing environment and ground truth (b) Energy change on NR77/78 band

(c) The spectrum of 5G signal (d) Power estimation of 5G signals at distance of 12m (e) Power estimation at different distances

Figure 20: Performance of detecting 5G signals

6.10 5G Signal Detection
To evaluate the performance of WISE in the field, we attempt to
detect in-air 5G signal withWISE. As shown in Figure 20(a), we put
a Xiaomi 12 Pro 5G smartphone on a table which is about 2m from
the WISE prototype. The smartphone is downloading a large file
from the Internet. The connection information, i.e., the 5G band
and signal power, is obtained from Speedtest. The details are also
shown in Figure 20(b). We can see that the smartphone is working
in NR77/78 band and the signal power is −72dBm.

The spectrum sensing result from WISE is shown in Figure 20(c).
From the results, we can see that 3.5GHz ∼ 3.6GHz is occupied,
which corresponds to the NR77/78 band. The power estimation
result is shown in Figure 20(b). At about 2.2s, we start to download
the file. WISE estimates the signal power to be around −73dBm,
which is close to the information we obtain from Speedtest.

To more comprehensively demonstrate WISE’s ability to detect
5G signals, we use the 5G base station emulator, 5GS-W500 from
V3 technology, to transmit 5G signals, and deployWISE to detect
5G signals at different distances from the source. At each distance,
WISE will estimate the signal power 400 times. In order to obtain
the ground truth, we use the RS FSH Handheld spectrum analyzer
(9KHz-8GHz) to estimate the signal power by taking the average
value of multiple measurements at each distance. Then we average
the results of 400 measurements from WISE and compare them

with the ground truth. As the 5G signal is not a constant wave,
where the active RUs keep changing, it results in the variation of
the signal power, which is shown in Figure 20(d). Thus, it is hard
to get accurate measurements of instantaneous 5G signal power.
By averaging over a time period, the power estimation from WISE
deviates less than 3dB from the spectrum analyzer, which is shown
in Figure 20(e).

From these results, we can conclude thatWISE can reliably detect
5G signal and accurately estimate its power, which implies that
WISE can help with strategic spectrum planning and allocations.
Thanks to its low cost and wideband nature, it is feasible to deploy
WISE at a city scale for fine-grained spectrum measurement.

7 RELATEDWORKS
7.1 UWB Sensing
In recent years, UWB technology has become popular in both
academics and industry. Thanks to its low cost and wideband na-
ture, UWB has good performance in localization and sensing. On
one hand, UWB technology has been used in indoor positioning
[2, 6, 11, 16, 21, 22]. As the positioning accuracy of UWB can be
of centimeter level, it can be used to track a writing trajectory
of a pen [6], track the firefighters in buildings from outside [16],
and track a ball’s 3D trajectory for sports analytics [21]. On the
other hand, UWB has also been used for pervasive RF sensing
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[9, 10, 17, 31, 40, 44, 48, 49]. Octopus [10], a UWB MIMO sensing
platform, has superior performance in passive localization, vibra-
tion sensing, and human/object imaging. Similarly, MoRe-Fi [9, 49],
another UWB radar, employs deep contrastive learning to detect
vital signs (particularly heartbeat and breath) despite the interfer-
ence caused by body movements. SiWa [48] uses the UWB signal
to identify the internal structure of the wall without breaking it;
LiquID [17] can distinguish different types of liquids using the time-
of-flight of signals to calculate the dielectric constant of liquids. In
short, UWB has great potential in RF sensing.

UWB technology has also been integrated into many commer-
cial products, such as smartphones (e.g., iPhone 11/12 Pro, Galaxy
Note 20 Ultra) and IoT devices (e.g., Air tag). We expect that UWB
devices will be pervasive in daily life. We envision that one day,
these UWB devices are not only used for positioning or sensing,
but also integrated with WISE for spectrum sensing. Thus, these
smartphone and IoT devices may become spectrum sensors for
city-level spectrum sensing.

7.2 Wideband Spectrum Sensing
Spectrum sensing is important for dynamic spectrum allocation.
The authors in [33, 35, 36, 47] have built a sensor for large-scale
spectrum monitoring. The spectrum sensor is built upon the low-
cost commercial off-the-shelf (COTS) platform (i.e., RTL-SDR USB
Dongle[35]). The total cost per sensor device is below $100. Simi-
larly, Snoopy [47] uses commercial WiFi chipsets and RF frequency
translators to build a low-cost spectrum sensor. However, those
low-cost spectrum sensors have narrow bandwidth (e.g., 2MHz
for RTL-SDR USB Dongle, 20MHz for WiFi). In order to cover a
wide spectrum, they need to hop over different bands, which leads
to poor time resolution. According to the Nyquist sampling the-
ory, wideband spectrum sensing requires high-speed ADCs, which
are too expensive to be widely affordable. To monitor a 500MHz
band, a 1GHz ADC is required, which costs hundreds of dollars.
Recent research focuses on wideband spectrum sensing using nar-
rowband devices with signal processing techniques (e.g., sparse
Fourier transform) [20, 25, 26] or some intelligent scanning algo-
rithms [8, 24, 39, 46]. BigBand [26] uses the sparse Fourier transform
to sense a wide bandwidth (e.g., 900MHz), when the spectrum is
sparse or the changes of the spectrum are sparse. Due to the un-
precedented number of wireless devices, the assumption that the
spectrum is sparsely occupied may no longer hold. SpecInsight
[39] can sense multi-GHz bands with 40MHz USRPs. Instead of
sequentially scanning the whole band, SpecInsight will sense the
channels that are likely to be active with high priority. Based on
signal usage patterns, the authors use machine learning to predict
spectrum occupancy. It works for known signal patterns, but for
unpredictable signals, the performance of SpecInsight will degrade.
SweepSense [24] can sweep the multi-GHz bands within several
milliseconds by tuning the center frequency of USRP quickly. How-
ever, SweepSense also has poor performance when the spectrum is
not sparse [23]. 𝑆3 designs spike-train like filters based on MEMS
acoustic resonators, which can sparsity the spectrum and enable
sub-Nyquist rate sampling [23]. 𝑆3 can sense over 500MHz band-
width at once with two low-speed ADCs. However, the spike-train
filters are customized, which are not ready for mass production.

In Table 3, we compareWISE with other spectrum sensing meth-
ods in terms of time resolution, sensitivity, and cost. From Table 3
we can see that, WISE is not as sensitive as the other spectrum
sensing methods, however the high time resolution and low cost
make WISE outstanding among all the sensing methods.

In summary, the current wideband spectrum monitoring tech-
niques have clear limitations. In our work, we enable wideband
spectrum monitoring with low-cost, commercial off-the-shelf UWB
chips. Different from existing low-cost spectrum sensors, WISE not
only can sense a wide spectrum, but also has high accuracy, good
time resolution, and wide dynamic range. It can also detect fleeting
signals like radar.

8 DISCUSSION
Here, we discuss the remaining issues inWISE and present possible
countermeasures. First, in the current WISE design, there is 500µs
between two detections. As we show in Section 6.8, WISE may
miss fleeting signals that are shorter than 400µs. To address this
problem, instead of setting a fixed inter-packet interval, we can
improveWISE by configuring the inter-packet interval according
to the Poisson distribution. The PASTA (Poisson Arrivals See Time
Averages) property states that observations made of a system at
time instants obeying a Poisson process, when averaged, converge
to give the true value [5]. It will be our future work to validate
Poisson sampling in WISE.

Second, the signal power thatWISE can detect depends on the TX
power of the excitation block. If the TX power is low, the high-power
external signal may lead to failure in UWB packet detection and
thus no valid CIR; if the TX power is high, the external signal will
be buried in the UWB signals and leads to poor signal quality. From
Section 6.5, WISE can sense signals ranging from −85dBm/MHz
to −34dBm/MHz, which is limited by the 30dB range of DW1000
transmission gain. In order to further extend this range, we can re-
place the current 15dB attenuator with a digital variable attenuator.
WISE can dynamically adjust the attenuator so that we can extract
the in-air signals with good quality. Furthermore, we can add a
power amplifier between the receiving antenna and the combiner
to amplify external signals, so as to improve the sensitivity ofWISE
and enable it to sense weak signals.

Third, the frequency range of WISE is limited by the UWB chip.
In this paper, we builtWISEwith DW1000, which supports six bands
from 3.1GHz to 7GHz. It covers the 3.5GHz CBRS band (coexistence
of LTE and military radar) and the unlicensed 6GHz band (coexis-
tence of Wi-Fi 6E and 5G). FCC authorized the unlicensed use of
UWB in the frequency range from 3.1GHz to 10.6GHz. CEVA [7]
from RivieraWaves UWB supports a wider frequency range than
DW1000, from 3.1GHz to 10.6GHz. We can extend the frequency
range of WISE by replacing DW1000 with CEVA. To further ex-
tend the frequency range, we can add a frequency translator to
up-convert/down-convert the signals into the frequency range of
the UWB chip. In this way, we can enable WISE to support a larger
frequency range.

Finally, as most commercial products such as smartphones (e.g.,
iPhone 11/12 Pro [3, 43]) and IoT devices (e.g., Air tag [1]) do not
provide APIs for their UWB chips, it would be our future work
to try to use these commercial products for spectrum sensing. For
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Table 3: Comparison between WISE and other state-of-the-art spectrum sensing methods

.

Time resolution Sensitivity Cost
Bigband 900 MHz / (100 us ∼ 10 ms) -100 dBm ∼ $3000 (USRP-N210)
SweepSense 153 MHz / 1 ms -60 dBm ∼ $3000 (USRP-N210)
BeyondSensing [39] 50 MHz / 50 ms -100 dBm ∼ $3000 (USRP-N210)
S3 418 MHz / (40 ∼ 100 us) SNR>3dB N/A
RTL-Dongle [35] 2 MHz / 66 ms -90 dBm < $100
WI-SPY [32] 100 MHz / 250 ms -95 dBm ∼ $100
WISE 900 MHz / (500 us ∼ 2 ms) -75 dBm ∼ $100

example, we can use a smartphone/IoT device as the transmitter, and
another two smartphones/IoT devices as the receivers, so they work
collaboratively as a spectrum sensor. It may encourage mobile users
to participate in spectrum sensing in a crowd-sourcing manner.

9 CONCLUSION
In this paper, we present how we transform UWB chipsets into a
spectrum sensor. We introduce the design ofWISE, a lost-cost wide-
band spectrum sensing unit, which is built with the commercial
off-the-shelf UWB chip, DW1000.WISE can sense up to 900MHz
bandwidth without using expensive high-speed ADCs. WISE ex-
ploits the channel impulse response to obtain the spectrum occu-
pancy information. We implement WISE and extensively evaluate
its performance. Results show thatWISE can accurately detect spec-
trum occupancy and estimate the signal power/bandwidth with
high precision. WISE can also detect fleeting radar signals. We also
demonstrate WISE with a field test, where WISE can accurately de-
tect 5G signals and estimate 5G signal power. We believe thatWISE
brings a new paradigm for spectrum sensing. As UWB chipsets are
becoming popular on smartphones and IoT devices, we expect that
in the future, these commodity devices may participate in city-level
spectrum sensing.
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