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Abstract—Although Wi-Fi communications have been
exploited for sensing purpose for over a decade, the
bistatic or multistatic nature of Wi-Fi still poses multiple
challenges, hampering real-life deployment of integrated
sensing and communication (ISAC) within the Wi-Fi frame-
work. In this article, we aim to redesign Wi-Fi so that mono-
static sensing (mimicking radar) can be achieved over the
multistatic communication infrastructure. Specifically, we
propose, design, and implement ISAC-Fi as an ISAC-ready
Wi-Fi prototype. We first present a novel self-interference
cancellation scheme, in order to extract reflected (radio
frequency) signals for sensing purpose in the face of trans-
missions. We then subtly revise the existing Wi-Fi frame-
work so as to seamlessly operate monostatic sensing un-
der the Wi-Fi communication standard. Finally, we offer two
ISAC-Fi designs: 1) a Universal Software Radio Peripheral
(USRP)-based design emulates a totally redesigned ISAC-
Fi device and 2) another plug-and-play design allows for
backward compatibility by attaching an extra module to an
arbitrary Wi-Fi device. We perform extensive experiments
to validate the efficacy of ISAC-Fi and also to demonstrate
its superiority over existing Wi-Fi sensing proposals.

Index Terms—Bistatic/multistatic sensing, integrated
sensing and communication (ISAC), monostatic sensing,
self-interference cancellation, Wi-Fi sensing.
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[. INTRODUCTION

LTHOUGH the received signal strength carried by Wi-Fi
A signaling has been exploited by indoor localization for
more than two decades [1], [2], the true Wi-Fi sensing (i.e.,
leveraging Wi-Fi communications) only started a decade ago
thanks to the ability of extracting channel state information (CSI)
from data packets [3]. In particular, numerous applications of
device-free Wi-Fi sensing have been proposed to utilize CSI,
notably including localization/tracking [4], [5], [6], [7], activ-
ity/gesture recognition [8], [9], [10], [11], [12], [13], vital sign
monitoring [14], [15], and object identification/imaging [16],
[17]. Whereas these applications all bear a promising future,
the bistatic nature of Wi-Fi infrastructure has largely hampered
the deployment of real-life systems. Essentially, as a Wi-Fi
communication session involves at least a pair of physically
separated transmitter (Tx) and receiver (Rx), any sensing func-
tion piggybacking on this infrastructure is subject to the severe
constraints imposed by the physical separation of Tx and Rx.
Among all constraints imposed by Wi-Fi’s bistatic nature, we
focus on three prominent ones illustrated in Fig. 1(a).! First of all,
given the uncertainties such as the existence of carrier frequency
offset (CFO) and the lack of synchronization between Tx and
Rx, even estimating the fime of flight (ToF) of the line-of-sight
(LoS) path between Tx and Rx entails a very cumbersome
process [19]. Unfortunately, the ToFs of the non-LoS (NLoS)
paths, albeit essential to device-free sensing [6], [7], simply
cannot be estimated, hence forcing most of the proposals to
be capable of sensing only a single target [9], [10], [11], [13].
Moreover, whereas estimating angle of arrival (AoA) and mo-
tion become the center of Wi-Fi sensing due to the inability
of obtaining ToF, the strong signal of the (useless) LoS path
could easily overwhelm the essential NLoS paths. Consequently,
existing proposals often have to rely on multiple Wi-Fi links (i.e.,
multistatic setting) [21], [22] and/or on motion effect as an extra
hint [6], [21]. Finally, it is well known that the motion effect
captured by a reflected radio frequency (RF) signal represents
the distance variation of a reflecting subject along a certain
direction. According to Fig. 1(a), this direction happens to be the
gradient of the Fresnel field [15], yet this gradient (along which
the reflection path length changes) varies with the (unknown)

'Device-based Wi-Fi sensing [18], [19], [20] is a special type of bistatic
sensing that aims to locate the Tx. Therefore, our ISAC revision to Wi-Fi is
orthogonal to this type of sensing applications dedicated solely to localization.
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Fig. 1. (a) Wi-Fi and (b) ISAC-Fi sensing. The thin arrows represent
RF propagation originated from different Txs or along distinct paths,
while the thick (double-side and colored) arrows denote the directions
of sensed subject motions.

location of the reflecting subject due to the bistatic nature of
Wi-Fi, thus causing ambiguity in interpreting the motion sensing
results.

Fortunately, all the aforementioned constraints can be lifted
if the sensing mode can be converted to monostatic: the antenna
of each Wi-Fi RF chain, while transmitting data packets, also
captures the reflected signals induced by the transmissions and
certain reflecting subjects, as shown in Fig. 1(b). Apparently,
the ToFs of these reflection paths can be readily obtained as all
uncertainties are removed thanks to the colocation of Tx and Rx.
Moreover, the AoA and motion of a reflection path can be more
accurately estimated without the LoS path interference, exploit-
ing the multiple-input multiple-output (MIMO) capability of a
Wi-Fi device (i.e., its antenna array). Given both ToF and AoA,
locating a reflecting subject can be achieved by only one device,
yet one may further improve the sensing (for both localization
and motion) accuracy by leveraging the interaction between a
pair of communicating devices (a distributed MIMO setting).
Last but not least, the interpretation of any motion effect sensed
over a reflection path is clearly defined without any ambiguity.

Of course, exploiting monostatic sensing to enable integrated
sensing and communication (ISAC) within the Wi-Fi framework
is far from straightforward; it faces three major challenges.

21t is worth noting that adding the monostatic mode to Wi-Fi sensing opera-
tions maximizes the utilization of radio frequency resources, as opposed to the
serious wastes under the bistatic-only setting, because two devices in the latter
setting obtain far less information than the same two in the former. Essentially,
combining both monostatic and bistatic modes can only improve the sensing
accuracy from the perspective of estimation theory [23], thanks to the introduced
diversity gain.

IEEE JOURNAL OF SELECTED AREAS IN SENSORS, VOL. 1, 2024

Wi-Fi NIC

PHY/MAC
Processing

>

Baseband

1P ﬂ RF Mixer
I' RF Mixer .

Comm. data¢
Data Bus

(a)

ﬂ RF Mixer
m;» RF Mixer

Sensing datal Comm. data

Tx-Rx
Separator

PHY/MAC
Processing

< Data Bus >
(®)
Yl PnP Module Clock l
Separator J3¥% Baseband _S_yP(j V\I(JIIQ
Sensing datal Comm. datai

Data Bus

< >

(©)

Fig. 2. Architectures of (a) Wi-Fi, (b) full ISAC-Fi, and (c) partial
ISAC-Fi. The hardware novelties mainly lie in replacing the Tx—Rx switch
with a separator to enable concurrency and in revising the baseband for
enhancing the quality of reflected Rx signals.

First, the cost of removing LoS path interference is the self-
interference from Tx to its own Rx (of the reflected Tx signals)
within the same RF chain. Normal radars rely on ultrawide
bandwidth (hence nanosecond time resolution) to separate this
Tx interference [24], which may not be available to Wi-Fi in the
current or the next few generations. Second, fully addressing
the first problem would entail a revamp of the conventional
Wi-Fi hardware configuration [see Fig. 2(a)], upgrading its front
end to handle the Tx interference [see Fig. 2(b)]; yet directly
implementing this with a commodity Wi-Fi network interface
card (NIC) is nearly impossible. Third, though preserving the
Wi-Fi medium access control (MAC) protocol is of primary
importance for the sake of compatibility, minor yet critical
tuning of the protocol details may be inevitable to, for example,
toggle between sensing Rx and communication Rx.

To this end, we propose ISAC-Fi as the first trial of enabling
ISAC within the Wi-Fi framework. Essentially, we achieve
Tx—Rx separation within the same RF chain so as to operate
monostatic sensing over Wi-Fi communications; though de-
rived from full-duplex radios (FDRs) [4], [25], our revision
is critical as the original proposals fail to work under ISAC
settings. We also work out two prototypes of ISAC-Fi: while
Sfull ISAC-Fi makes use of Universal Software Radio Periph-
eral (USRP) X310 [26] to emulate a future implementation
of Wi-Fi NIC shown in Fig. 2(b), partial ISAC-Fi applies a
plug-and-play (PnP) module to an arbitrary Wi-Fi NIC, deliv-
ering a backward compatibility while rendering conventional
NICs ISAC-ready. Finally, we fine-tune the existing Wi-Fi
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MAC protocols so that both individual sensing and distributed
sensing are fully operational without affecting conventional
Wi-Fi communications. In summary, we make six major con-
tributions in this article.

1) We propose ISAC-Fi as a Wi-Fi-based ISAC prototype;
it offers, for the first time, the monostatic sensing mode
in addition to the commonly adopted bistatic mode.

2) We design a novel RF front end to replace the current Wi-
Fi design, in order to effectively separate the concurrent
sensing and communication signals.

3) We propose critical revisions to both Wi-Fi MAC protocol
and sensing algorithms for maintaining compatibility.

4) We implement a full prototype of ISAC-Fi leveraging the
universal emulation capability of USRP X310.

5) We also implement a partial prototype of ISAC-Fi; it
attaches a PnP module to any existing Wi-Fi NIC in order
to elevate it to be ISAC-ready.

6) We perform extensive experiments with both prototypes
to validate their effectiveness and also to demonstrate
their superiority over existing Wi-Fi sensing proposals.

The rest of this article is organized as follows. We first
motivate our ideas by exposing the weaknesses of existing Wi-Fi
sensing in Section II. Then, we explain our design of the novel RF
front-end and the two prototypes of ISAC-Fi in Section III. We
further validate the individual functionalities of both prototypes
in Section IV and compare them with existing Wi-Fi sensing
proposals in Section V. We briefly discuss a few related pro-
posals, along with limitations of ISAC-Fi in Section VI. Finally,
Section VII concludes this article.

II. ANALYSIS AND MOTIVATIONS

In this section, we provide basic theoretical and experimental
analyses to compare bistatic Wi-Fi sensing with the novel mono-
static mode in terms of the channel model; these analyses and
comparisons serve as motivations and inspirations for the design
of our ISAC-Fi. Basically, the Wi-Fi orthogonal frequency-
division multiplexing (OFDM) signal x (¢, 7) received over the
air and modulated onto a certain carrier frequency f, is given by

M
z(t,7) = Zapé (t—
p=0

D —j2r fet
=T, (t)) xe 92l s(t) (1)
—_———
Tx baseband
symbol s(t) after
up-conversion

h(t,): channel over the air

where the symbol * refers to convolution; 7, and 7’ (t) denote
the propagation delay and the motion-induced delay along the
pth propagation path, respectively: they are the key sensing
information offered by Wi-Fi communications.

A. Uncertainties in Temporal Features

We characterize the uncertainties of the temporal features in
a channel model and then discuss their implications.

1) Modeling Offsets: Since the crystal oscillators (i.e.,
clocks) of Tx and Rx may differ slightly, the resulting imperfect
signal processing introduces several random offsets to contami-
nate both 7, and TE (t). To understand the details of these errors,
let us walk through the whole processing line of Rx chain. First

of all, downconverting the OFDM signal z(¢, 7) in the Rx chain
requires applying e/>™/<t to shift x(t,7) to baseband, but the
resulting baseband signal is actually

y(t, 7) = h(t, ) * e*jzﬂ(%ﬂr‘ﬁc)s(t) 2)

where . = fo — f. denotes the CFO caused by the residue
error in a phase-locked loop (PLL); it forces the Rx to match
fe with a slightly different f.. Moreover, a carrier phase offset
(CPO) ¢, is imposed by both the PLL and the voltage-controlled
oscillator (VCO), since the VCO has arandom phase each time it
starts or restarts and the PLL cannot fully compensate the phase
difference between the local Rx carrier and the received signals
x(t, 7).

Further down the processing line, the baseband signal y(¢, 7)
is sampled by the analog-to-digital converter (ADC) and then
converted to the frequency domain via fast Fourier transform
(FFT). Considering an OFDM symbol with size Npr and Rx
sampling period T, = f;!, with f; being the sampling rate, we
lett = nT, with n denoting the sampling index, and thus obtain
the following kth subcarrier signal of the /th OFDM symbol after
FFT [27]:

Yilk,7) = H*S(k)e 5wt e) ot )

where H* = H(k,7) = Z]jngo ak7p6_j2ﬂfc(7'p+7'£), Af is the

OFDM subcarrier spacing, and 3 = TS;,Té, with 7! denoting

the Tx sampling period, is the sampling frequency offset (SFO)
caused by the difference between Tx digital-to-analog converter
(DAC) and Rx ADC clocks.

Finally, due to the lack of knowledge on the starting point of
an OFDM symbol at the Rx side, it is hard to determine the right
samples to feed into the FFT. This issue persists even with a
carefully designed preamble and corresponding detection algo-
rithms [27], causing a phase error because missing even a small
length of the preamble equivalently results in a nonnegligible
delay. We term this phase error packet detection delay (PDD) ¢;
it necessitates a revision to Yy (k, 7)

ng(k‘, 7_) _ H*S(k)eszw (Z A,?J%IFT +¢c) e—j2w%e—j2w 1\,;1-51' )

“)

Though all these errors exist in normal Wi-Fi communica-
tions, they have been masked by well-designed demodulation
schemes. However, sensing aims to capture minor variations,
rendering it intolerable to even minor errors and hence funda-
mentally different from communication.

2) Bistatic Versus Monostatic Sensing: Apparently, all
uncertainties in the channel model in (4) (i.e., CFO, CPO, SFO,
and PDD) affect bistatic sensing. Therefore, it is extremely chal-
lenging (if it is ever possible) to measure quantities induced by
temporal features (e.g., ToF from 7,). On the contrary, switching
to the monostatic mode so that Tx and Rx become colocated
in the same device, they would share the same clock. Therefore,
the CFO, SFO, and PDD can be significantly reduced. Though
the CPO still persists, obtaining it during hardware initialization
is viable. We measure the CSI phases of the same symbol in
consecutive packets under both bistatic and monostatic modes
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Fig. 3. Unwrapped CSI phases of 52 subcarriers and across consec-

utive symbols (marked with different colors) under (a) bistatic and (b)
monostatic modes.

in an empty room. As shown in Fig. 3, the phases under the
bistatic mode increase gradually with ¢ (symbol) and have
smaller slopes in k (subcarrier) than those under the monostatic
mode, which accords well with the phase terms in (4), given
negative [ and €. The monostatic mode, on the contrary, exhibits
only minor phase variations across both ¢ and consistent slops in
k, thus allowing for the accurate recovery of temporal features
7p and 7, (t). The glitches at the zeroth subcarrier in Fig. 3 are
caused by the lack of data stream and the phase unwrapping
process, which may jump drastically due to the CFO under the
bistatic mode but are well controlled otherwise.

B. Dominating Interference From the LoS Path

According to the channel model in (1), multiple signal prop-
agation paths exist; among them, two are special: except the
zeroth path to be clarified later, the first path (the LoS path
between the Tx and the Rx) has a dominating power over all other
NLoS paths under the bistatic mode, yet it disappears under the
monostatic mode. To better understand the LoS path interference
to NLoS paths, we expand the amplitude «, in (1) to calculate
the received power Pg" at an Rx antenna [28]

- PTXGTXGRX)%UP

PRX _ _ - T 7 %P
p ap (47T)3(R;XREX>2

&)
where PT is the Tx power, G™ and GR* are the Tx and
Rx antenna gains, A. denotes the wavelength of the carrier
frequency, o,, represents the radar cross section of the reflecting
target, and R;" and Rgx represent the Tx—target and target—Rx
ranges. As far as the target does not lie on the LoS path (which
is very rare), the power ratio between the pth (NLoS) path signal
carrying the (reflected) sensing information and the interfering
LoS path signal becomes

Rx
Pp

Loy,
Np = PIRX

~ 4n(RIXRRY)?

(6)

where L denotes the LoS distance between the Tx and the Rx.
Assuming a bistatic sensing with L =2 m, 0, = 1m2, and
R}* = R¥ =2 m just for simplicity, (6) suggests that 7, ~
—40dB. We should be reminded that, as the LoS path signal is
meant for communications (the main function of Wi-Fi), there
is no way to suppress it just for sensing purpose. Fortunately,
operating the sensing function under the monostatic mode could
totally remove the LoS path; in other words, the constraint
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Fig. 4. Phase variations induced by human (target) breath at two
different Rx—target ranges under (a) bistatic and (b) monostatic modes.

Fig. 5. Sensing motion effect under the bistatic mode: conceptual
illustration and experiment settings.

imposed by (6) disappears. In fact, under the monostatic mode,
the Tx—target—Rx round-trip path becomes the dominating one
[see Fig. 1(b)], and it happens to carry the desired sensing
information. We use a set of experiments to briefly demonstrate
the differences, where we set L = 1.5 m and vary the target—-Rx
ranges. As shown in Fig. 4, the LoS interference is very evident
under the bistatic mode, especially when compared with those
under the monostatic mode. Nonetheless, we do face a new
challenge under the monostatic mode: the zeroth path (or Tx
interference) signal in (1), absent under the bistatic mode due
to the temporal separation enforced by the CSMA/CA MAC
protocol, will cause a serious problem. This new challenge is
certainly the key issue to be tackled in our article.

C. Ambiguity in Motion Sensing

Let us now focus on the motion-induced delay TZP in (1):1itis
a quantity representing the variations (e.g., target motion) along
the pth path. Basically, TZP(t) = ARf”(t), where c is the speed
of light and AR, (¢) is the instantaneous variation in range at
time ¢. Though AR, (t) is often termed displacement in radar
terminology, it is actually a scalar obtained by projecting the
actual displacement of a moving target onto a certain direction.
Whereas this direction can be readily characterized under the
monostatic mode [the radial direction from the Tx/Rx shown
in Fig. 1(b)], it is nontrivial to determine and hence ambiguous
under the bistatic mode.

Because AR, (t) represents the variation in range and the
range is actually the length of Tx—target—Rx reflection path under
the bistatic mode, we can define a field with Tx and Rx as two
Jfocus points. As this specific field describes the lengths of Tx—
target—Rx reflection paths, its equipotential surfaces correspond
to equal-length contours that happen to be ellipsoids with Tx
and Rx as foci (see Fig. 5). At any point in the field, a target
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Fig. 6.  Unwrapped CSI phases of the first subcarrier when a motor-
driving slide rail is placed (a) perpendicular and (b) parallel to the Tx—Rx
line. Different positions of the rail are marked by distinct colors.

displacement d can be decomposed into tangent and normal
components based on the ellipsoid on which the target resides.
Since AR, (t) senses the variant in range, it can only represent
the normal component whose direction varies with the target
location, whereas the tangent component leads to variation along
an equal-length contour and thus delivers no impact on AR, (t).
Further reasoning could deduce that all normal directions lie on
hyperbolas confocal with (hence orthogonal to) the ellipsoids,
which can be deemed as the field lines of this field.

Although itis highly nontrivial to experimentally characterize
this field, verifying the ambiguity in sensing motion direction
can be readily obtained by well-controlled experiments. Specif-
ically, we adopt a motor-driving slide rail programmable to
move a target in a constant speed. According to the afore-
mentioned analysis, putting the rail parallel or perpendicular
to the Tx—Rx line (as shown by the thick double-side ar-
rows in Fig. 5) and varying its position within the field, the
sensed A R,,(t) should exhibit magnitude variations even though
the target is programmed to have a constant speed along the
rail, simply due to the monotonically varying projections onto
the field lines. As shown in Fig. 6, the monotonic trends of
AR, (t) (represented by phases) are evident under both per-
pendicular and parallel cases, firmly corroborating our earlier
analysis.

Remarks: It is worth noting that enabling the monostatic
mode in Wi-Fi does not replace its originally bistatic sensing
ability, because communications are still half-duplex as defined
by CSMA/CA MAC. Instead, it simply exerts the full potential
of Wi-Fi sensing over communications: instead of having a
pair of Wi-Fi devices working as one bistatic radar, we can
simultaneously have two monostatic and one bistatic radars.
Nonetheless, this ISAC architecture on Wi-Fi entails the need
for a fine-tuning of the MAC protocol to differentiate the Rx
status under different radar modes.

l1l. ISAC-FI: MAKING WI-FI ISAC-READY

We explain the design of ISAC-Fi in four steps, started by
a brief overview. We first explain how to realize the Tx—Rx
separator as the basic enabler of ISAC-Fi (for both full and
partial prototypes); then, we discuss the potential issues and
corresponding countermeasures for both coexistence with Wi-Fi
framework and channel parameter estimation under irregular

Tx signal
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Fig. 7. Tx—Rx separation for ISAC-Fi.

traffic. Finally, we elaborate on the implementation of collabo-
rative MIMO sensing under ISAC-Fi.

A. System Overview

The hardware design of ISAC-Fi is centered around the ability
of separating concurrent Tx and Rx signals. Therefore, we use
Fig. 7 to capture the essential implementation details of the Tx—
Rx separator, and we briefly explain this seemingly complicated
structure with several key points.

1) This structure represents two complementary designs. A
full version integrates both sensing and communication
functions, so two Rx chains are merged into one and all
signal paths represented by dashed lines disappear. How-
ever, as the full version requires revamping the design of
Wi-Fi NICs, we also offer a partial version with backward
compatibility: it appends a special Sensing Module to
an arbitrary Wi-Fi NIC.

2) Though inspired by FDRs [25], our Tx-Rx separator
differs significantly from it in that the Rx (monostatic
sensing) signal to be extracted is, instead of arbitrary Rx
signal, the reflection of the (slightly earlier) Tx signal.
For the full version, we adopt a Circulator at the first
stage to physically separate the Tx and the Rx, whereas
we employ a Hybrid Coupler in the partial version to
isolate the Rx signal before feeding it to the sensing
module. Other components for suppressing the residue
Tx interference are shared by both versions. We elaborate
the two cancellators in Section III-B, with an emphasis
on preserving the monostatic sensing signal.

3) The sensing module has to be compatible with the Wi-Fi
framework; in particular, the analog/digital cancellators
should not operate under the reception (hence bistatic)
mode. To this end, we leverage the DATA/ACK messages
to invoke transitions among three major states of ISAC-
Fi: communication, monostatic sensing, and bistatic
sensing, as presented in Section III-C.

4) After the Tx—Rx separation, a special signal processing
procedure is applied to treat bistatic and monostatic sig-
nals separately. Since existing Wi-Fi sensing proposals
assume regular data packets that are far from realistic, we
discuss how to make sensing compatible with irregular
data packets in Section III-D.
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With the above points concerning only single-device opera-
tions of ISAC-Fi, we stress that, given a proper information shar-
ing scheme provided by both the Wi-Fi and backbone (wired)
networks, a set of Wi-Fi devices (access points (APs) and NICs)
can collaboratively serve as a distributed MIMO sensing system.
We briefly discuss a possible protocol design to facilitate this
collaborative sensing paradigm in Section III-E.

B. Tx—Rx Separator Design

As the circulator and the hybrid coupler are both commodity
components, we only explain the details of the two cancellators.
Because the monostatic sensing signals are reflected versions of
the Tx signals, they would be treated as interference from the
perspective of FDRs [25]. Consequently, our main contribution
lies in preserving these sensing signals while removing the Tx
interference. In particular, we start with two preliminary designs
of the cancellators; then, their inherent problems are analyzed
and hence revised to achieve our self-adapted Tx—Rx separation.

1) Analog Cancellator: This component takes the output of
the circulator or hybrid coupler as its analog input. Since the
received signal contains Tx interference (p = 0) and multipath
reflections (p > 0) via different channels, respectively, the out-
put of the cancellator becomes

z2(t,7) = [Ga - z(t,70) + Gu - z(t, 10)] + Ge - z(t, Tp>0) (7)

where G 5, Gy, and G¢ denote the channel gains of the analog
cancellator, the RF hardware, and the circulator/hybrid coupler,
respectively. We slightly abuse the terminology by 7, denoting
both 7, and T;E in (1). Let the residue Tx interference be
wa(t) = Ga - x(t,19) + Gu - 2(t,70); the analog cancellator
should adjust G4 so as to minimize wy (¢). Different from the
implementation in [25], we adopt a direct quadrature modula-
tor (DQM) to realize the analog cancellator shown in Fig. 8.
This much simpler yet more effective architecture treats G 5 as
the inverse of Gy (ideally only comprised of antenna and RF
circuits) and controls the IQ baseband generator of the DQM to
match Go with Gy in order to minimize wy (¢). This is more
compact and effective (with wider dynamic range and higher
resolutions in both amplitude and phase) than the fixed delay
circuit in [25].

2) Digital Cancellator: As ISAC-Fi demands only CSI ex-
traction for sensing but has no interest in data contents, we
propose a preamble-based digital cancellator: it samples the
output preambles from the analog cancellator via correlations,
which have passed through the RF downconversion and ADC
sampling, thus containing 'y (nTy) as the residue analog Tx
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Fig. 9. Preliminary cancellators erase monostatic sensing signal. The
breath signals have been artificially amplified to be more conspicuous.

interference
2(nTs,7) = [Gp - s(nTy) + W) (nTy)] + z(nTs, Tp=0) (8)

where Gp denotes an adaptive filter whose coefficients are
obtained via the least mean squares (LMS) algorithm with
low complexity and fast convergence. Consequently, a linear
combination of multiple time-delayed versions of s(nTy) is
constructed by applying Gp, aiming to offset w/, (¢). Here,
s(nTy) represents the baseband of the known Wi-Fi preamble
prestored by ISAC-Fi; using it avoids the much larger errors in
LMS processing inherent to the data part.

3) Self-Adapted Tx—Rx Separation: Though the above two
cancellators appear to be plausible, the adjustments to G5 and
Gp cannot perfectly focus on the Tx interference. In practice,
as the minimization can only be applied to either z(¢,7) or
z(nTy, 7), the cancellators could potentially offset the third
term in both (7) and (8). However, the CSIs contained in these
terms are valuable information demanded by monostatic sens-
ing. Therefore, the biggest challenge is how to keep (nT, Tp>0)
while removing the Tx interference. We illustrate this challenge
using an experiment sitting a human subject close to ISAC-Fi
(with preliminary cancellators). According to Fig. 9, while ap-
plying the cancellators (before 8 s with the spikes indicating
preamble receptions and hence cancellator recalibrations) sup-
presses the Tx interference below the noise floor, the human
breath signal captured by z(nTy, 7,-0) also disappears. On the
contrary, stopping the cancellation brings back both the Tx
interference and breath signal, albeit the latter being heavily
distorted by the former.

Fortunately, we make two observations potentially resulting in
asolution. We first observe that almost the entire Tx interference
x(t, 7p) comes from hardware circuits rather than the antenna.
We perform two experiments where RF absorbing materials are
used to surround an antenna in one case, and the antenna is
replaced by an RF dummy load to stop radiating RF signals in
another case. We compare the Tx interference under these two
cases in Fig. 10(a): the correlation coefficients between them
are over 90%, proving that the antenna has almost no impact on
the Tx interference. Our second observation is that the hardware
channel of Tx interference is stable in a long term. Therefore,
with proper calibrations on both G5 and Gp, they can keep
canceling the Tx interference without further fine-tuning in at
least 10 min (practical calibration intervals can be made shorter),
as shown in Fig. 10(b).
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Fig. 10. Correlation coefficients of (a) Tx interferences under two
antenna settings and (b) Rx signal right after a calibration and those
received later. (a) Antenna impact is minimum. (b) Signal stable after
calibration.
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Fig. 11.  Human breath signals with and without SA; SA represents the
self-adapted Tx—Rx separation.

According to these observations, we decide to add an RF
switch to toggle between the antenna and a dummy load in the
ISAC-Fi design, so as to realize a self-adapted Tx—Rx separation
(the right-most component in Fig. 8); this causes only a minor
variation bearing negligible complexity and monetary costs.
Basically, ISAC-Fi switches its Tx port from the antenna to the
dummy load in a regular basis or before enabling monostatic
sensing, allowing for properly calibrating both G and Gp.
During monostatic sensing piggybacking on communications,
ISAC-Fi switches its Tx port to the antenna and leverages both
cancellators (Ga and Gp) to suppress the Tx interference;
the concerned state transitions shall be elaborated soon. As
shown in Fig. 11, the human breath is clearly extracted with the
self-adapted Tx—Rx separation; otherwise, it can be damaged by
residual Tx interference resulting from incomplete cancellation
of normally calibrated cancellators.

C. Coexisting With the Wi-Fi Framework

Though the successfully implemented Tx—Rx separator can
readily enable monostatic sensing on virtually any Wi-Fi NICs, it
is not compatible with the existing Wi-Fi protocol framework. In
particular, as the separator treats all incoming signals indiscrimi-
nately, it could strongly affect normal communications due to its
filtering (thus distortion) on Rx signals that potentially affects the
demodulation performance. As shown in Fig. 12, applying the
Tx—Rx separator during normal receptions significantly reduces
over 12-dB SNR and in turn 15-Mb/s throughput. Also, it is
a waste of computing resource to apply the Tx—Rx separator
on normal Rx signals. Note that this problem exists only in the
full version of ISAC-Fi, as the partial version use a stand-alone
module to contain the separator that produces monostatic sens-
ing signals.
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For the full version of ISAC-Fi (and its future integrated
implementation as an ISAC-ready NIC), we propose and imple-
ment the following minor yet critical revision to the protocol. As
shown in Fig. 7, we add a control path (represented by the dotted
lines) driven by standard Wi-Fi protocol messages; this entails a
function call to the digital cancellator and a hardware interrupt
for the analog cancellator. In particular, an Wi-Fi NIC starts
with a C-state (for communications), and the transition to an
M-state (for monostatic sensing) is invoked by a DATA® message
containing any Wi-Fi traffic or an ACK message responding to
certain data receptions. A transition back from the M-state to the
C-state is controlled by a timer fine-tunable to suit surrounding
environments. One may also consider a transition from the
C-state to the B-state (for bistatic sensing) invoked by a reception
of either ACK or DATA from another Wi-Fi NIC, but this is
already implicitly assumed by existing Wi-Fi sensing proposals
and requires no particular modification to Wi-Fi protocols.

D. Monostatic Channel Feature Estimation

Different from existing Wi-Fi sensing proposals hacking Wi-
Fi NICs for pure sensing purposes, ISAC-Fi should not operate
in such a brute force manner, as it promises to stay compatible
with existing Wi-Fi standard. Consequently, the sensing infor-
mation that piggybacks on data packets (for both monostatic and
bistatic) often arrives irregularly due to the inherent nature of
Wi-Fi data traffic, rendering existing channel feature estimation
techniques largely invalid.

We give an instance of human slowly walking indoors to
illustrate how irregular packets heavily affect channel feature
estimation in Fig. 13. Conventionally, the motion-induced de-
lay TI]? (t) can be estimated using short-time Fourier transform

3This may include null data packet frame not officially standardized by IEEE
802.11, if sensing is required when no data traffic is available.
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(STFT). Given sensing information conveyed by regular packets,
STFT works well to achieve the heatmap of 7,’(t) shown in
Fig. 13(a): its red parts indicate a high energy concentration
ranging from 9 to 15 Hz. However, when applying STFT to sens-
ing information conveyed by irregular packets in practice, the
resulting heatmap of TI]? (t) becomes Fig. 13(b): the high-energy
parts scatter from O to 20 Hz. In short, irregular packets introduce
noises and thus large errors to machine learning classifiers for
human activity recognition (HAR). To tackle this challenge, we
leverage nonuniform fast Fourier transform (NFFT) and sparse
optimization to estimate channel features.

Though the total number of reflections shown in (1) can be
large, a few reflections should dominate the rest: only reflec-
tions with very significant differences in their delays can be
identified under a certain bandwidth. Therefore, the path set
is sparse and constrained by delayed versions of the know
baseband s(t). Let the Tx times of the irregular packets be
T = [T, 15, ..., T, .. ], the vector I = [1,(TF)]’ denote
the channel features to be estimated, and F~!(T") represent
the inverse NFFT of matrix [¢ =927 (/e tkANT (T, - then, the
sparse optimization problem can be formulated as

min ||T;
2
st || Y@ (T, mpso(T™)) —=F (1) - s(nTu+T™) || =0
P 2
)
where || - ||; and || - ||, refer to L' and L? norms, respectively.

We adopt the alternating direction method of multipliers [29] to
solve this problem.

E. Collaborative MIMO Sensing

With every Wi-Fi NIC equipped with the monostatic (thus
stand-alone) sensing capability, a large-scale ISAC system with
a much wider coverage and operating on both monostatic and
bistatic modes can be established, by coordinating a set of widely
deployed Wi-Fi APs via the Internet. However, the underlying
coordination, sitting at the distributed system level, is far beyond
the scope of our article; we hence leave it as a direction for
future exploration. In the following, we consider a small set
of Wi-Fi NICs coexisting in the same collision domain (with
two communicating parties as a special case), and we discuss
how to coordinate them in order to seamlessly leverage their
monostatic and bistatic sensing capabilities. It is noted that due to
the CSMA/CA mechanism adopted by the Wi-Fi networks, only
one Tx—Rx pair is allowed to communicate at a time slot, and
there is nearly zero interference among multiple Wi-Fi devices.

Assuming that Wi-Fi devices within the same collision do-
main are aware of each other in terms of IDs (MAC ad-
dresses) and physical locations,* our collaborative MIMO sens-
ing scheme demands every of them to periodically share their
sensing information using broadcast. Here, the sensing infor-
mation may refer to either individual estimation results or

4This is a necessary yet reasonable assumption, as sensing information would
become meaningless without these baselines and a database containing such
information can be preset when deploying each Wi-Fi device.
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Fig. 14.  Two prototypes of ISAC-Fi. (a) Full version. (b) Partial version.

(compressed) raw CSI data. After receiving a sufficient amount
of shared sensing information, each device invokes a fusion
algorithm to combine these information into a final estimation
result. As we are after a readily deployable fusion method to
achieve this goal, a maximum likelihood algorithm popular in
the radar community is adopted [30].

[V. IMPLEMENTATION AND BENCHMARKING

After elaborating on the implementation details, we evaluate
the basic functions of ISAC-Fi in this section.

A. Implementation and Experiment Setup

We construct our own circuit board for the analog cancellator;
it applies to both the full and partial ISAC-Fi shown in Fig. 14.
We also implement the digital cancellator, control schedules, and
various sensing algorithms in an software-defined radio (SDR)
supported by a host PC. The SDR refers to USRP X310 [26]
and LimeSDR [31] for the full and partial versions, respectively.
For MIMO configuration, the USRP equips with multiple Tx—
Rx separators, and each Tx—Rx separator has one antenna. All
experiments are done under two scenarios with irregular packets
and also other background Wi-Fi traffics: 1) media streaming
(UCF101 [32]) and 2) online gaming (StarCraft [33]).

1) Tx—Rx Separator and Common Procedures: A circulator,
CentricRF CF2040 [34], or a hybrid coupler, TTM X4C25L1-
03G [35], is employed to respectively suit the full or partial
version. To process the output of the circulator or hybrid coupler,
the analog cancellator is designed as a 5 x 5 cm? printed circuit
board made in FR-4. We adopt LTC5589 [36] as the DQM; it
enables the direct modulation of IQ baseband signals at 2.4-GHz
carrier frequency and its serial peripheral interface can be used to
control the Tx gain, supply current, phase imbalance, etc. While
the digital cancellator is run by the SDR, we further design
a general purpose input/output board based on STM32 (an
ARM-based MCU) to control the self-adapted Tx—Rx separation
involving an RF switch HMC545A [37]; the STM32 is in turn
controlled by a host PC via USB. Monostatic sensing algorithms
handling irregular packets (as presented in Section III-D) are
implemented in PC, and we further realize the collaborative
sensing based on MQTT [38], a lightweight publish/subscribe
messaging protocol for remote devices information exchange.

2) Digital Processing and Control Protocols: For the full ver-
sion, we implement the whole Wi-Fi OFDM PHY supporting 20-
MHz bandwidth, constellations from binary phase-shift keying
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Fig. 15.  Power spectrum of the received baseband signal after various

components of Tx—Rx separators.

to 64 quadrature amplitude modulation (QAM), and all channel
codes (with 1/2, 2/3, 3/4, and 5/6 coding rate). To let monostatic
sensing compatible with CSMA/CA, ISAC-Fi stays normal (the
C-state defined in Section III-C) and leverages the received
signal strength indicator to determine whether a channel is idle.
When transmitting data packets, the monostatic sensing (the
M-state) is invoked to enable the Tx—Rx separator; the transition
back to the C-state is triggered by a timer or the completion of
transmission (maximum Wi-Fi frame duration 5.484 ms [39]),
whichever is sooner. Bistatic sensing (the B-state) is triggered
by packet receptions from another Wi-Fi NIC, and the transition
back to the C-state naturally follows the completion of reception.

For the partial version, LimeSDR acts as the sensing mod-
ule, while ESP32 [40] (an ARM-based MCU with integrated
Wi-Fi) is chosen as the Wi-Fi NIC, which already offers the
Wi-Fi protocol stack. To synchronize LimeSDR and ESP32, we
design an external 40-MHz clock board based on a temperature-
compensated crystal oscillator SiT5356 [41]. Most state transi-
tions are the same as the full version except for the trigger for
transiting to the M-state: when the host PC demands the Wi-Fi
NIC to transmit data packets via hardware USB interrupt, it also
invokes LimeSDR to start the Tx—Rx separator simultaneously.

B. Tx—Rx Separation Performance

We hereby study the performance and impact of Tx—Rx
separation. We first quantify the interference cancellation ability
of different components in the separator. Then, we evaluate the
impact of Tx—Rx separation on normal Wi-Fi data traffic.

We evaluate the performance of Tx—Rx separation under the
video streaming scenario with the Tx power set to 5 dBm;
the results are shown in Fig. 15. Since the full version with a
circulator and the partial version with a hybrid coupler have
nearly the same 12-dB cancellation outcome, we only plot the
effects of the analog and digital cancellators for the full version.
It can be observed that the analog and digital cancellators further
reduce the Tx interference by 40 and 25 dB, respectively. To
sum up, the total cancellation is about 77 dB, and the power of
residue Tx interference after the Tx—Rx separator is very close
to the noise floor.

We also perform an experiment to study the impact of different
Tx signal power on the Tx—Rx separator. We set the parameters
of the Tx—Rx separator based on different Tx signal power
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Fig. 17.  Impact on normal Wi-Fi communication. (a) Packet delay. (b)
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to keep the power of residue Tx interference close to noise
floor and plot the cancellation in Fig. 16. Apparently, we can
leverage linear regression to model the relationship between
Tx power and cancellation, and hence, ISAC-Fi automatically
selects parameters for the Tx—Rx separator. Since the residue Tx
interference is close to the noise floor after the Tx—Rx separator,
the sensing performance is unaffected by the different Tx power.

We then study the impact of Tx—Rx separation on Wi-Fi com-
munication, leveraging user datagram protocol (UDP)-based
video streaming and online gaming as the testing scenarios
since transmission control protocol (TCP) conceals packet loss.
Specifically, the USRP-based full version, as it cannot be con-
figured to operate in a multistatic setting, is evaluated by video
streaming, and the partial version is evaluated by both video
streaming and online gaming with at least three users/players.
These experimental settings are employed to conduct all remain-
ing experiments. Evaluation results of packet delay and packet
loss rate are shown in Fig. 17. The results show that, though
ISAC-Fi leverages data packets to perform sensing, it achieves
almost the same communication performance as normal Wi-Fi,
demonstrating a zero interference from sensing to communica-
tion. Note that in the experiments, the signals are intentionally
attenuated by wall blockage to generate discernible results on
packet loss; otherwise, they are mostly always 0%.

C. Ranging Performance

Ranging is a basic yet important function for Wi-Fi sensing,
but it can only be achieved under the monostatic mode (as
explained in Section II-A), whereas existing proposals (see,
e.g.,[7] and [18]) can only perform rough or relative estimations.
To demonstrate the ranging performance of ISAC-Fi under
irregular data packets using our sensing algorithms introduced
in Section III-D, we choose both inverse fast Fourier transform
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(IFFT) and MUSIC algorithms [42] as the baselines. In this
experiment, we fix a metal cylinder (radius 0.1 m and height
1.2 m) on a robot car. Controlling the car remotely to move
from 1 to 15 m with a 1-m step size in a corridor, we obtain the
ranging errors shown in Fig. 18. Apparently, the same algorithm
can obtain similar performance on both full and partial versions.
Also, the medians of ranging errors are 1.42, 2.84, and 4.32 m
for ISAC-Fi, MUSIC, and IFFT, respectively, which can mostly
be attributed to ISAC-Fi’s adaptation to irregular data packets.

D. Motion Sensing Performance

As discussed in Section II-C, the direction of each sensed
motion is concretely defined for ISAC-Fi: it is the Tx/Rx—target
direction. Therefore, we can fully determine the magnitude and
bearing of a motion with at least two ISAC-Fi devices, which
can never be truly achieved by the bistatic sensing regardless
of how many Wi-Fi NICs are involved. To validate the claimed
performance of ISAC-Fi, we let the robot car move at different
speed range from 0.6 to 3.5 m/s in a hall of 20 x 10 m?, and
we set a 10-m spacing between two ISAC-Fi devices to measure
the velocity using monostatic sensing. To obtain ground truth,
we let two TI 77-GHz millimeter-wave radars [43] concurrently
perform sensing alongside ISAC-Fi.

The evaluation results shown in Fig. 19 clearly demonstrate
that ISAC-Fi (both full and partial versions) achieves much
lower estimation errors than the baseline algorithm leverag-
ing FFT [44]. However, the partial version seems to perform
slightly worse than the full one. Unlike the ranging estimation
in Section IV-C relying on individual packets, motion sensing
depends on a series of time-stamped packets. Therefore, the
partial version, compared with the full one, the Tx times of
the irregular packets, may be not exactly counted due to its
relatively casual construction: as introduced in Section IV-A,
the triggering signals of the partial version come from the host
PC all the way down to the SDR, passing through application, OS
kernel, driver, and hardware, potentially bringing unpredictable
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temporal uncertainties. Fortunately, as our partial ISAC-Fi is
just a makeshift for backward compatibility, we believe that an
integrated design for a true ISAC-Fi implementation (emulated
by the full version) should not have such constraints.

V. EVALUATION

Though applications of device-free Wi-Fi sensing are plenti-
ful, they can be roughly classified into three categories, namely,
localization, activity recognition, and imaging. Therefore, we
evaluate ISAC-Fi’s performance on these categories, while com-
paring it with representative proposals for each category when-
ever applicable. However, as ISAC-Fi is meant to introduce
a fundamentally new sensing framework rather than focus-
ing on any specific sensing algorithm, our evaluations aim to
demonstrate the wide capability of ISAC-Fi, in addition to its
improvements on representative proposals thanks to the more
diversified information brought by ISAC-Fi.

A. Device-Free Localization

As one of the key and novel applications of Wi-Fi sens-
ing, device-free localization frees users from holding a Wi-Fi
equipped device and solely relies on the deployed Wi-Fi in-
frastructure to capture the user locations [5], [7]. Nonetheless,
existing bistatic sensing proposals fail to totally fulfill the critical
demands raised by this challenging application, mainly due to
its incompetence in accurately estimating temporal features (as
explained in Section II-A). Therefore, we choose mD-Track [7]
(the latest bistatic sensing proposal on device-free sensing) as the
comparison baseline in this section, intending to demonstrate the
advantage of ISAC-Fi’s monostatic sensing over bistatic sensing.
In addition, the calibration algorithms of bistatic sensing mode
are presented in mD-Track [7].

We move the robot car to 16 preset locations in a 100-m? lab
space. Both ISAC-Fi and mD-Track operate three antennas in
2.4- with20-MHz bandwidth, capturinga3 x 3 x 64 CSImatrix
from each packet preamble. Subsequently, channel features are
jointly estimated to derive AoA, ToF, and hence the location.
For each location, we average 40 measurements to derive an
error by comparing with the ground truth, so as to derive 100
such errors with 4000 measurements. As ISAC-Fi excels at
ToF estimation, we report the CDFs of both localization and
ToF errors in Fig. 20, comparing mD-Tracks with two ISAC-Fi
localization schemes: while ISAC-Fi; leverages both ToF and
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AoA estimated by a single device to infer location, ISAC-Fi,
exploits two collaborative devices to reach the same goal, while
jointly estimating their mutual LoS distance at the same time.
As expected, ISAC-Fi outperforms mD-Track with a median
localization error down to 1.12 m as opposed to mD-Track’s
4.57 m, and ISAC-Fi, performs slightly better than ISAC-Fi,
due to the collaborative sensing. These results are consistent
with our analysis in Section II-A that ToFs of propagation paths
cannot be accurately estimated under the bistatic mode and that
ISAC-Fi is designed to tackle this challenge. The performance
of mD-Track shown in Fig. 20(a) is significantly worse than that
reported in [7], because the Tx—Rx LoS distance was manually
measured in [7] and their algorithm does not accommodate
irregular packets. In fact, the performance of ISAC-Fi is also
slightly below our expectation, possibly confined by the limited
bandwidth.

B. Human Activity Recognition

Contact-free HAR plays a key role in a wide range of real-
world applications [10], [12], and existing Wi-Fi-based HAR
solutions directly translate CSI to classification results [10],
[45], [46], [47]. However, due to the ambiguities of bistatic
motion sensing mentioned in Section II-C, such translations can
be misled and thus result in degraded performance. Therefore,
we want to demonstrate using experiments that ISAC-Fi’s mono-
static sensing, albeit relying on only a single Wi-Fi device, may
achieve comparable or even better performance than existing
bistatic solutions with at least two devices involved.

In fact, basic HAR may not be a perfect task for evaluating
sensing capabilities, because conventional bistatic Wi-Fi sys-
tems may still yield a high accuracy by overfitting the train-
ing/validation data. Therefore, we choose a more difficult cross-
domain HAR task for evaluation, where cross-domain means that
the environments and human subjects used in training and testing
can be different. It is known that Wi-Fi signals carry a substantial
amount of environment- and subject-specific information, so a
Wi-Fi HAR method has to resolve this entangled information
in order to generalize to new domains. Consequently, we select
EI [10] as the comparison baseline given 1) its cross-domain
capabilities achieved by the novel adversarial learning and 2) its
minimal 1Tx—2Rx multistatic setup for Wi-Fi sensing.

We conduct experiments under several typical indoor settings.
Both ISAC-Fi and EI send 40 packets per second for 10 s, and
64-subcarrier CSIs are extracted. We collect a cross-domain
dataset by letting six male and four female subjects perform six
activities in ten rooms with different layouts and sizes (ranging
from 6 to 50 m?). Without loss of generality, the activities include
sitting down, standing up, walking, falling down, bending, and
lying down. Each activity is performed 2500 times, and we
obtain a total of 15000 examples of these activity classes. We
employ the same classifier architecture adopted by EI [10]; it
includes a three-layer convolutional network, a domain discrim-
inator, and respective losses to achieve environment and subject
independence.

The evaluation results shown in Fig. 21 indicate that the
average HAR accuracy of ISAC-Fi is above 82%, while that
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Fig. 21.  Confusion matrices of HAR. (a) ISAC-Fi. (b) El (Wi-Fi sens-
ing).

of EI is less than 72%. The inferior performance of EI can be
largely explained by its incompetent cross-domain classification
ability, which, in turn, results from the errors brought by the
motion sensing ambiguities typical for a bistatic architecture.
The results clearly highlight the efficacy of ISAC-Fi in resolving
such ambiguities, allowing it to achieve a higher accuracy in
cross-domain HAR.

C. Wi-Filmaging

Wi-Fi imaging uses Wi-Fi signals for reconstructing images
of subjects; it has attracted an increasing attention in recent
years [22], [48], [49], [50], [51]. These proposals aim for gen-
erating subject images by leveraging various techniques such as
large-scale MIMO [48], synthetic aperture radar [49], [50], and
multistatic setup [22], [51]. Since these proposals often rely on
increasing antenna numbers to improve performance, it is almost
impossible to quantitatively compare them. Consequently, we
only demonstrate the feasibility of imaging with ISAC-Fi’s novel
monostatic sensing in the following. Specifically, we employ the
deep learning techniques adopted by Wang et al. [51] to translate
CSIs captured by ISAC-Fi toward image outlines and skeletons
of the subjects.

We conduct experiments in rooms and corridors. To enable
Wi-Fi imaging, ISAC-Fi leverages its three-antenna array to
improve the spatial diversity in perceiving a subject. We ask
human subjects to pose differently at various distances and
angles. For each scene, ISAC-Fi averages over 300 packets to
obtain a 3 x 3 x 150 CSI matrix, where the first two 3s refer
to the antenna number and 150 indicates that three packets as
a group with only 50 out of 64 subcarriers per packet are used.
Meanwhile, a camera next to ISAC-Fi captures a ground truth
photo. Since we are interested in outlines and skeletons of human
subjects, the photos are further processed to generate binary
masks and skeletons of the human subjects for training purposes.
We collect a total of 10 000 CSI-image pairs for training deep
neural network.

Since all spatial information is embedded in the CSI samples,
it is viable to reconstruct human image (outline) and skeleton
from its corresponding CSI sample leveraging the deep learning
network designed in [51]. The network treats the 3 x 3 x 150
CSI samples as 3 x 3 images with 150 channels. It trains a U-
Net [52] and skeleton association algorithm [53] to map the CSIs
to outlines and skeletons, leveraging the training data created
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Fig. 22. Imaging results of human subjects.

from ground truth photos. For the training process, we set the
batch size to 32 and use the Adam optimizer, whose learning rate
and momentum are set to 0.001 and 0.9, respectively. Fig. 22
shows the ground truth photos, RF outlines, and RF skeletons
of one, two, and three subjects, respectively. The RF images
correctly indicate the number of subjects and clearly show the
torso, head, and limbs of each subject, while the skeleton images
provide an even sharper characterization of the joint and limb
positions. All these results confirm the imaging capabilities of
the monostatic sensing adopted by ISAC-Fi. We believe that
more realistic imaging results can be achieved if we combine
both monostatic and bistatic sensing, but we leave this task to
interested researchers.

VI. RELATED WORK AND DISCUSSIONS

As explained in Section I, Wi-Fi sensing leveraging CSI can
be categorized into device-based [18], [19], [20] and device-free
methods, which can be further divided into three typical applica-
tions: localization [4], [5], [6], [7], [8], [54], HAR [9], [10], [11],
[13], [55], [56] and RF imaging5 [59], [60]. While device-based
methods are mainly applied to locate Wi-Fi devices, device-free
methods impose no requirement on users but entail a bistatic or
even multistatic setting, which often fails to support full-fledged
Wi-Fi ISAC systems due to their technology deficiencies, such
as capable of handling only one person. Moreover, existing
proposals on device-free Wi-Fi sensing have largely remained
as experimental prototypes because sensing algorithms are often
at odd with Wi-Fi communications. For example, Wi-Vi [§]
applies two Tx antennas to null all static signal/interference and
hence totally loses its communication capability. Our ISAC-Fi
is specifically proposed and implemented to tackle the chal-
lenges faced by existing device-free methods, and it also aims
to seamlessly integrate sensing with communication so as to
realize the first ISAC-ready Wi-Fi prototype. More importantly,
ISAC-Fi can provide more diversified information by combining
monostatic with bi/multistatic sensing modes.

Although ISAC-Fi has learned from earlier developments on
FDRs [25], [61], [62], separating Tx (communication) from Rx

5This category includes person recognition and/or reidentification [57], [58]
that deliver a coarse-grained “imaging” as a subcategory.
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(sensing) is fundamentally different from FDR, as explained in
Section III-B. Recent surveys present the architectures, chal-
lenges, and opportunities of FDR for future 6G [63], [64]. Early
proposal WiDeo [4] leverages a modified version of FDR to
conduct only motion sensing, so it is unable to both locate static
subjects and remain compatible with Wi-Fi communications.
The closest (titlewise) proposal to our ISAC-Fi in recent liter-
ature is [65], yet it merely migrates FDR technique to ISAC
scenarios without paying attention to their fundamental differ-
ences. Also, Hassani et al. [65] never consider the compatibility
with the Wi-Fi framework, and it relies on a proprietary chip
for Tx—Rx separation; these have strongly confined its practical
feasibility. On the contrary, our ISAC-Fi prototypes deploy a
critical revision to FDR (see Section III-B) and aim to maintain a
full compatibility with Wi-Fi communications (see Section III-C
and III-D), so they are clearly implementable as extended Wi-Fi
NICs with necessary manufacturer support.

Itis true that 802.11ax can support 160 MHz at 5 GHz, yet the
whole 160 MHz is not always usable due to channel contention.
As a result, most of the Internet of Things devices are still
leveraging 20-MHz bandwidth at 2.4 GHz to communicate with
each other. Consequently, we start with a basic and common
20-MHz bandwidth to design the first full-fledged ISAC system.
To the best of our knowledge, our work is pioneering in enabling
full-fledged sensing modes over Wi-Fi communication. In other
words, we mainly demonstrate design principles in this seminal
article, aiming to deliver guidance for engineering design in
future. In this sense, achieving a wider bandwidth (e.g., 160 MHz
for 802.11ax) should not be the focus of our article; it is only
an engineering extension that can be realized upon our basic
design framework by future studies with specific need for it. In
fact, a few other challenges still remain for monostatic sensing,
such as realizing a large-scale MIMO front end (e.g., millimeter
wave [66]), and wide-scale distributed MIMO; we also leave
these as key directions for our further explorations.

VIl. CONCLUSION

In this article, we have proposed the idea of making Wi-Fi
ISAC-ready and have then reported two prototypes of ISAC-Fi
to demonstrate that this idea is completely viable and imple-
mentable. We have first motivated our design using several
concrete analyses; then, we have provided a thorough elabora-
tion on the various aspects of the ISAC-Fi prototypes, followed
by extensive evaluations on their performance. Our technical
discussions mainly focus on combating (self) Tx interference
and maintaining compatibility with Wi-Fi in terms of both MAC
protocol and data traffic aspects. We believe that, by conducting
this whole suit of studies, our article signifies a key step toward
a more practical paradigm for future Wi-Fi sensing. In the
meantime, we are working toward a full-fledged ISAC-ready
design by considering other relevant issues such as expanding
frequency bandwidth and accommodating large-scale antenna
arrays. This work does not raise any ethical issues, as only
a few experiment settings involve human subjects (see Sec-
tions III-B, V-B, and V-C), and they have strictly followed the
institutional review board (IRB) protocol of our institute. In the
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future, we will explore more applications using ISAC-Fi such as
vital sign monitoring [67], [68], simultaneous localization and
mapping [69], etc.
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