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Abstract—This paper presents a wireless sensing system using
WiFi round-trip channel state information (RTCSI). It is im-
plemented using the channel state information (CSI) from the
Raspberry Pi CM4 onboard WiFi chip and a customized WiFi
protocol. Utilizing the CSI phase in WiFi sensing is challeng-
ing as hardware imperfections and asynchronization introduce
significant phase errors. Similar to WiFi round-trip time (RTT)
ranging, RTCSI cancels the adverse effect of asynchronization
through two-way communication. Since the phase of RTCSI is
reliable and useful, a Doppler sensing prototype is built to detect
a moving target in the wireless channel. Our findings show that
the additional phase information utilised in RTCSI significantly
enhances CSI-based WiFi sensing. Moreover, it may be integrated
with other techniques to further improve the performance in joint
communications and sensing.

Index Terms—WiFi Doppler Sensing, Channel State Informa-
tion, Joint Communication and Sensing

I. INTRODUCTION

Joint communication and sensing is an emerging research
area that aims to reuse the wireless communication hardware
and spectrum to increase the efficiency in utilizing radio
infrastructure, energy and wireless channels. The ubiquitous
nature of WiFi communications in everyday life has driven
significant research interest in using their transmitted signals
for sensing.

A range of WiFi based sensing applications have been
developed covering health-care [1]–[5], security [6], [7], activ-
ity recognition [8]–[12] and tracking/localization/positioning
[13]–[17].

The use of channel state information (CSI) [1]–[5], [8]–[10],
[12]–[17] in WiFi signal demodulation is one prevailing way to
achieve sensing. Compared to the work using software-defined
radio [6], [7], [11], [14], it is more affordable and deployable
because it can run on commercial off-the-shelf WiFi network
interface cards (NIC). However, limitations also apply. For
example, a single WiFi frame can only provide one CSI record
while software-defined radio approaches focus on processing
the raw baseband signal which is much more informative.

CSI is a set of complex numbers describing the frequency
response of the wireless channel. There is one complex number
for each subcarrier and CSI is used for channel equalization
and multiple-input and multiple-output (MIMO). Using the
CSI amplitude for sensing is generally straightforward. The
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radio signal at the receiver is the sum of the line-of-sight signal
and the target reflection signal. If the target is moving, the
target reflection signal interferes with the line-of-sight signal
and creates a pattern in CSI amplitude because the interference
may change between constructive and destructive during the
motion. This concept is used in [1], [3], [8], [15]. However,
a key shortcoming is that the approach is not able to indicate
the direction of motion

In terms of the CSI phase, there exist notable errors.
Due to real-world imperfections and asynchronization, carrier
frequency offset (CFO), sampling frequency offset (SFO) and
packet detection delay (PDD) can introduce significant phase
errors [18]–[20]. To exploit the CSI phase information for
sensing for sensing, a few methods are proposed. Phased-
array signal processing is one popular approach [2], [3], [5],
[13], [16]. As there is no asynchronization between the local
antennas, sensing can be implemented by analyzing the phase
difference between receiver antennas using sophisticated algo-
rithms. Another approach is to synchronize the radio devices,
researchers in [21], [22] synchronize the WiFi NIC by sharing
one clock source through the cables, while Chronos [17]
synchronized the radio devices using a customized wireless
communication protocol.

The method proposed by Chronos [17] is similar to WiFi
round-trip time (RTT) measurement in 802.11mc [23]. By
using a two-way communication that exchanges the CSI, a
round-trip channel state information (RTCSI) can be acquired
and the phase is free from asynchronization. However, RTCSI
is not detailed in Chronos [17] and is only used for wireless
ranging.

Compared to previous studies, the work presented in this
paper makes the following contributions: it fixes an oversimpli-
fication in Chronos [17] that assumes the communication can
be done within an infinitely short time window and discusses
the mathematical model of RTCSI thoroughly with real-world
data. Also, a Doppler sensing system is developed based on
RTCSI with corresponding signal processing methods and
subsequent experimental work demonstrates the ability of the
system to detect a moving target in a wireless channel. Unlike
[12], [13] which require multiple antennas on the receiver for
Doppler sensing, our system employs only one antenna which
simplifies real-world deployment and makes it less sensitive
to varying geometrical configurations.

The following paper is organized as follows: we describe



the principle of RTCSI sensing in Section II and then show
our experimental results with corresponding signal processing
in Section III. Finally, we conclude in Section IV and discuss
future avenues of work.

II. ROUND-TRIP CHANNEL STATE INFORMATION

A. CSI And Errors

CSI is used to describe the wireless propagation channel
using complex numbers such that the amplitude response and
phase response can be presented simultaneously. It is estimated
from the fixed preambles and used for signal recovery. In the
idealized case that the hardware is perfect and synchronized,
the CSI would be

H(i, t) =

N∑
k=1

ak(i, t)e
−j2π(fc+fi)τk(t) (1)

where
t is the time,
i is the subcarrier index,
fc is the RF centre frequency,
fi is the baseband frequency of subcarrier i,
ak is the complex number representing the attenuation

and initial phase offset of path k,
τk is the propagation delay of path k.

However, errors are unavoidable in real-world radio devices.
According to [18]–[20] and our observation, the measured CSI
is

Ĥ(i, t) = s(t)H(i, t) exp (j(β(t)i+ ωcfot+ θ(t) + θnl(t, i)))
(2)

where
Ĥ is the measured CSI,
s is the scaling factor,
j is the imaginary unit,
β is the linear phase error factor,
ωcfo is the carrier frequency offset,
θ is the phase offset error,
θnl is the non-linear phase error.

s is from the amplitude response in the signal chain from
components such as amplifiers and filters. β is from sampling
frequency offset, signal chain group delay and baseband time
offset. θ is from RF PLL phase offset and signal chain phase
offset. θnl is from other imperfections such as an imperfect
baseband filter. The abundance of errors which are present
make sensing using both the raw CSI and CSI phase extremely
challenging.

B. RTCSI Work Flow

To make the CSI phase in communication useful for sensing,
the RTCSI is introduced as proposed in Chronos [17]. Similar
to RTT, RTCSI uses a two-way communication protocol as
Fig.1. The STA construct the RTCSI REQ and then transmit
it at t1. The request arrives in the AP at t2 and the AP replies
with the RTCSI RES that contains the CSI estimated from the
REP REQ (REP REQ CSI) at t3. Then, the STA receives the

Fig. 1. RTCSI Work Flow

Fig. 2. RTCSI Protocol

RTCSI RES at t4 and estimates the CSI from the RTCSI RES
(RTCSI RES CSI). Finally, RTCSI RES CSI and the frame
data in RTCSI RES are used for further processing to get
the RTCSI. The detailed frame structure is shown in Fig.2,
and it is based on regular media access control (MAC) frame
in 802.11n for data communication. The whole workflow is
similar to joint RTT and channel sounding but designed and
utilized for a very different purpose. RTT is designed for
fine time measurement (FTM) and localization, and channel
sounding is used for MIMO and beam-forming, while RTCSI
is built for joint communication and sensing.

Note that if i is 0, we can eliminate the effect from β and
θnl as

Ĥ(0, t) = s(t)H(0, t) exp (j(ωcfot+ θ(t)) (3)

However, subcarrier 0 (DC) is not used in the WiFi signal so
it has to be inferred from existing subcarriers. Fig.3 shows a
typical CSI in real-world measurement and since we are only
interested in the subcarrier 0, the centre of the curve, the value
is interpolated from the phase from adjacent subcarriers. That
is

Ĥ(0, t) =

√∑5
i=−5 Ĥ

2(i, t)

10
exp (j

∑5
i=−5 ∠Ĥ(i, t)

10
) (4)



There still exists ωcfo in Equation.3 and RTCSI is designed
to encounter this issue. According to Fig.1, the AP and STA
receives the signal at t2 and t4, respectively. The CSI estimated
at AP and STA can be presented as

ĤAP (0, t2) = sAP (t2)H(0, t2) exp (j(ω
AP
cfot2 + θAP (t2))

(5)
ĤSTA(0, t4) = sSTA(t4)H(0, t4) exp (j(ω

STA
cfo t4 + θSTA(t4))

(6)
CFO is generally stable over a time window of a few min-
utes and it means ωAP

cfo = −ωSTA
cfo . Also, we can assume

H(0, t2) = H(0, t4) since the time interval between t2 and
t4 is only a few hundreds of microseconds and the wireless
channel typically doesn’t change significantly within these
short time-periods. As a result, the product of ĤAP and ĤSTA

would be

ĤAP (0, t2)Ĥ
STA(0, t4) (7)

=sAP (t2)s
STA(t4) (8)

×H2(0, t4) (9)

× exp (j(ωSTA
cfo (t4 − t2) (10)

× exp (j(θSTA(t4) + θAP (t2)) (11)

Equation.9 is the squared true wireless channel response,
which is the RTCSI. The one-way CSI cannot be derived from
it directly because it is a complex number and there would be
multiple solutions if the square root is applied.

Equation.8 is controlled by the gain configuration. Both
transmitter amplifiers and transmitter amplifiers would change
it and this value may vary over time.

Equation.10 is the the phase offset error from CFO and is
the product of CFO and t4 − t2. In real-world WiFi commu-
nications, the distance between STA and AP is generally well
below 300m, and it means t2 − t1 and t4 − t3 are less than
1 us. Consequently, t4 − t2 ≈ t3 − t2 since the WiFi frame
usually lasts for tens of microseconds and the AP would take
at least a few microseconds to process the request and send
the response. This indicates the phase error for CFO cannot
be fully cancelled. Instead, it is controlled to an acceptable
level. If the WiFi frame length and the processing time are
stable, the phase error from CFO would be constant over time
making it valid for Doppler sensing.

Equation.11 is the extra phase offset error. Note that the
extra phase offset error from RF phase lock loop (PLL) phase
offset can be cancelled in the round-trip measurement, but the
internal RF signal delay and filter phase response still exist
and create a time-varying phase offset.

In Chronos [17], Equation.7 is simplified as H2(0, t4),
which is an oversimplification and may introduce a significant
error. For example, assuming that the WiFi signal is 5.8GHz,
the CFO is 10PPM, and t4 − t2 is 50us, the phase error
introduced by Equation.10 would be 2.9rad which is non-
negligible.

C. Implementation On Raspberry Pi
Nexmon [24] is a C-based firmware patching framework for

a few Broadcom WiFi chips. The firmware runs on the WiFi
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Fig. 3. A CSI Example (Interpolated Subcarrier 0 In Red Cross)

chip instead of the host CPU so it can provide lower-level
hardware control and better real-time performance compared
to the operating system kernel driver. Nexmon CSI Extractor
[25] allows the user to obtain the CSI from the WiFi chip based
on Nexmon and it supports the WiFi chip on the Raspberry
Pi. The RTCSI initiator and responder are implemented using
Nexmon and Nexmon CSI Extractor. The RTCSI initiator
constructs the RTCSI request MAC frame byte by byte and
transmits the signal periodically while the RTCSI responder
handles every incoming WiFi frame using a customized func-
tion which checks the frame data and sends the RTCSI RES
according to the RTCSI REQ CSI. The last step is that the
RTCSI initiator collects the CSI for RTCSI RES and uploads
it with the received RTCSI RES MAC frame to the Linux
user space via networking interface for further processing.
Note that the program runs on the micro-controller inside the
WiFi chip allowing the time interval t3 − t2 to be controlled
much more precisely than a Linux driver running on the host
CPU. According to our measurement, the standard deviation
of t3− t2 is below 1us, which stabilizes the CFO phase error.

However, since the detailed internal design of the Raspberry
Pi onboard WiFi chip is not in the public domain, there are
two major limitations. Firstly, the RTCSI scaling factor is not
known. As Equation.8 shows, we want to know the scaling
factor that is controlled by the amplifier chain but it is not
available in Nexmon. Fortunately, RSSI is also reported with
the corresponding CSI and it is used to condition the CSI
amplitude similar to [26], which is illustrated in Equation.12.

Ĥ ′(0, t) =
√

10
RSSI

10 exp (j∠Ĥ(0, t)) (12)

Secondly, the phase offset error is not known. It requires
precise hardware calibration, timestamp and CFO estimation,
which are not accessible. However, given that the overall phase
offset error is relatively stable, it can be modelled as a constant
phase offset, and the product of those two conditioned CSI
would be

ĤRT (0, t4) (13)

=Ĥ ′AP (0, t2)Ĥ
′STA(0, t4) (14)

=KH2(0, t4) exp (jΘ) (15)

where
ĤRT is RTCSI in measurement,
K is a constant scaling factor,
Θ is a constant phase offset.



Fig. 4. Experiment

III. DOPPLER SENSING USING RTCSI
The most important feature of RTCSI is that the phase

can be used directly. This property enables Doppler sensing
for a moving target in the wireless channel. In the following
experiments, the WiFi signal is set to 5.8GHz, 20MHz band-
width, -5dBm transmission power, and 500 RTCSI records are
collected every second. The setups for two experiments are
presented in Fig.4. The first experiment validates the RTCSI
design and confirms the phase is much more stable than regular
CSI. The second experiment shows the real-world Doppler
sensing for a moving target, a walking human in the wireless
channel.

A. RTCSI Of A Stable Channel

For verification, we first collect 30000 RTCSI over 1 min
using a stable wireless channel. Fig.5 and Fig.6 show the
regular CSI and RTCSI, respectively. The amplitude of regular
both CSI and RTCSI are stable but the phase of regular CSI
covers the entire phase space from −π to π while the phase
of RTCSI only covers a region between π and 1.1π. This
observation validates our hypothesis that the RTCSI phase
is more useful compared to the regular CSI phase. RTCSI
phase is disturbed by a noise which may originate from the
automatic gain control (AGC) that changes the amplifier phase
response. A 50Hz low-pass filter is then applied to the RTCSI
data which results in the phase becoming clearer in Fig.7. In
the following experiment, the low-pass filter is utilized as a
denoising method by default.

B. Doppler Sensing For A Moving Target

Recall that the most important term in Equation.15 is
H2(0, t) and it can be used to sense the target in the channel.
Assuming that there are two paths in the channel, one line-
of-sight (LOS) path and one target-reflection path, the overall
CSI would be

H(0, t) = Hlos(0, t) +Htar(0, t) (16)

where
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Fig. 5. Regular CSI Using A Stable Wireless Channel
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Fig. 6. RTCSI Using A Stable Wireless Channel
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Fig. 7. Low-pass filtered RTCSI Using A Stable Wireless Channel

Hlos is the CSI from the LOS path,
Htar is the CSI from target-reflection path.

Consequently, H2(0, t) would be

H2(0, t) = H2
los(0, t) +H2

tar(0, t) + 2Hlos(0, t)Htar(0, t)
(17)

If the LOS path conveys much more power than the target
reflection path, H2

tar(0, t) would be very small and can be
removed in approximation. Also, we assume the radio devices
are stationary but the target is moving. That is, Hlos would be
constant over time but Htar changes. If a high-pass filter or
DC removal is applied to H2, the final approximation would
be

HPF (H2(0, t)) ≈ CHtar(0, t) (18)

where
HPF is high-pass filtering,
C is a constant factor.

Based on the analysis above, if a high-pass filter is applied to
the RTCSI, the result would be

HPF (ĤRT (0, t)) ≈ C ′Htar(0, t) (19)

where
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Fig. 8. SFTF Of CSI (A Moving Target In The Wireless Channel)

C ′ is a constant factor.

It is the CSI from the target reflection path multiplied by a
constant factor. Transforming it to the frequency domain and
then taking the magnitude can remove the phase effect from
C ′, and the final result is equivalent to bistatic Doppler sensing
[27]. We use a short-time Fourier transform (STFT) as the final
step to convert it to the frequency domain and visualize the
temporal Doppler trace.

In the experiment, the target is a human who walks back
and forth. To track the position of the target, an IOS APP
is developed based on [28], which calls the IOS ARKIT
API that can provide a reliable real-world 3-D tracking. An
iPhone running the APP is attached to the chest of the
participant for positioning and the trajectory with timestamp is
used to calculate the ground truth bistatic speed and Doppler
frequency. Additionally, by finding the maximum value for
each column in the spectrogram, the Doppler frequency and
the bistatic speed can be estimated.

Fig.8b shows the spectrogram and bistatic speed/Doppler
frequency estimation match the ground truth well except for
the low-frequency part (-5Hz to 5Hz), which is removed by the
aforementioned high-pass filter. The processing is also applied

to regular CSI and the result is in Fig.8a. It is evident that the
spectrogram of regular CSI is very noisy and cannot match
the ground truth.

Fig.9 shows the error that is the difference between the true
bistatic speed and the estimated bistatic speed. The root-mean-
square (RMS) of the bistatic speed estimation error is 2.0m/s
using regular CSI highlighting it’s unsuitable for this type of
sensing. However, when using RTCSI, the RMS error value
drops to 0.36m/s, which is a significant improvement.

IV. CONCLUSION

This paper presents RTCSI sensing using WIFi signals. It
removes the phase error from asynchronization and makes the
phase in channel estimation useful for sensing. Experiments
are performed to validate the mathematical model and system
design. An RTCSI Doppler sensing prototype is built to sense
a moving target in the wireless channel and the result agrees
with the ground truth. Furthermore, we implement RTCSI on
Raspberry Pis to illustrate that the real-world systems can be
portable, and deployed with minimal cost.

Future work will focus on combining RTCSI with other
sensing techniques for better performance. RTCSI is an evo-
lution of traditional CSI sensing as it incorporates phase
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Fig. 9. Bisatic Speed Estimation Error

information to provide significant additional benefits. RTCSI
and techniques derived from it, may be employed in future
WiFi protocols to enable joint communication and sensing
capabilities. Moreover, it shares similar characteristics to RTT
which suggests the methods may be combined to operate
simultaneously in future standards.
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