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ABSTRACT
Integrated Sensing And Communication (ISAC) systems are ex-
pected to perform accurate radar sensing while having minimal
impact on communication. Ideally, sensing should only reuse com-
munication resources, especially for spectrum which is contended
by many applications. However, this poses a great challenge in that
communication systems often operate on narrow subbands with low
sensing resolution. Combining contiguous subbands has shown sig-
nificant resolution gain in active localization. However, multiband
ISAC remains unexplored due to communication subbands being
highly sparse (non-contiguous) and affected by phase offsets that
prevent their aggregation (incoherent). To tackle these problems,
we design HiSAC, the first multiband ISAC system that combines
diverse subbands across a wide frequency range to achieve super-
resolved passive ranging. To solve the non-contiguity and incoher-
ence of subbands, HiSAC combines them progressively, exploiting
an anchor propagation path between transmitter and receiver in
an optimization problem to achieve phase coherence. HiSAC fully
reuses pilot signals in communication systems, applies to different
frequencies, and can combine diverse technologies, e.g., 5G-NR and
WiGig. We implement HiSAC on an experimental platform in the
millimeter-wave unlicensed band and test it on objects and humans.
Our results show it enhances the sensing resolution by up to 20
times compared to single-band processing while occupying the
same spectrum.

CCS CONCEPTS
• Hardware→ Signal processing systems; • Human-centered
computing→ Ubiquitous and mobile computing; • Applied
computing→ Telecommunications.
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1 INTRODUCTION
Endowing wireless communication systems with radar sensing ca-
pabilities is one of the key objectives of 3GPP Sixth Generation (6G)
and future Wi-Fi [30]. In recent years, so-called Integrated Sensing
And Communication (ISAC) systems have enabled a wide range
of applications from multitarget tracking [37, 53], person identi-
fication [38, 58], activity recognition [26, 32], vital signs monitor-
ing [60], pose estimation [12, 14], and object imaging [59, 65].

Motivation. A fundamental trade-off in ISAC systems is to
achieve high sensing resolution, i.e., the capability of distinguish-
ing multiple closely located targets, and accuracy with minimal
impact on the primary communication functionality. Ideally, sens-
ing should be performed by fully reusing resources available to the
communication system in time and frequency. Particular attention
has to be put on spectrum, which is becoming increasingly scarce
due to the ubiquitous applications of Radio Frequency (RF) trans-
missions [45]. Indeed, ISAC benefits from using a large bandwidth
since this is inversely proportional to the ranging resolution, i.e.,
the minimum signal propagation distance below which two targets
can not be distinguished. Note that enhancing ranging resolution
is also highly beneficial to advanced sensing applications such as
human respiration monitoring. Although small chest displacements
can be monitored even with a narrowband signal [64], using the
carrier phase, separating the respiration of multiple closely-located
subjects with low ranging resolution is extremely challenging and
prone to errors

However, the bandwidth available to existing communication
systems is insufficient to achieve the desired cm-level ranging reso-
lution in 6G. Even wideband Fifth Generation-New Radio (5G-NR)
channels and IEEE 802.11ay (WiGig) in the Millimeter Wave (mmWave)
band can at most reach 37 cm and 17 cm resolution with 400 MHz
and 1.76 GHz bandwidth, respectively. Such resolution can be im-
proved by applying super-resolution algorithms based on MUltiple
SIgnal Classification (MUSIC) or compressed sensing, e.g., [16, 18,
42], but the bandwidth limitation remains.
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A possible solution to enhance the resolution is to combine mul-
tiple communication frequency bands to increase the sensing band-
width. This approach has been attempted for active localization
in Orthogonal Frequency Division Multiplexing (OFDM) systems
(where the user carries a communication device) [18, 35, 52, 57],
radar [8, 56, 69], and recently for sub-6 GHz Wi-Fi sensing in [24].
However, several limitations make the above methods unsuitable
for ISAC. On the one hand, active localization approaches exploit
either contiguous or closely-spaced subbands, which may not be
available in ISAC since the spectrum is contended by a plethora of
services and contains frequency gaps. Moreover, they can count on
a collaborative localized device, which simplifies the problem since
synchronization errors that prevent accurate delay measurements
can be resolved via handshaking [16]. On the other hand, radar
methods use dedicated waveforms, optimized for sensing purposes,
and relatively wide subbands to be combined, which significantly
simplifies the problem. Lastly, [24] employs a neural network model
to overcome the above limitations in Wi-Fi, but this ties the system
to the specific frequency band, communication technology (Wi-Fi),
and hardware used to collect the training data. Conversely, we aim
to develop a system that seamlessly adapts to different modulation
types such as 5G-NR OFDM and IEEE 802.11ay Single Carrier (SC).

Challenges. Designing such a system presents several open
challenges. First, one must tackle the non-contiguity of communica-
tion systems subbands, which may include gaps of several hundreds
of MHz or even GHz. Second, the different subbands are affected
by time-varying and unknown timing, frequency, and phase offsets
that prevent the coherent combination of the Channel Frequency
Response (CFR) estimated by the communication protocol over
different ISAC receivers (RXs) [54, 68]. Although the compensation
of timing and frequency offsets in ISAC systems has been widely
studied [25, 34, 36, 62, 70], phase synchronization is not well in-
vestigated since it is not needed in typical sensing tasks such as
target tracking and Doppler estimation. On the contrary, achiev-
ing phase coherence is a strict requirement to combine multiple
subbands over a wide frequency range. Third, communication sub-
bands are relatively narrow with respect to the total bandwidth
required to achieve high resolution. This makes it difficult to model
individual subbands as they contain insufficient frequency samples.
Conversely, reconstructing the CFR over the total bandwidth en-
tails huge computational complexity due to the high number of
subcarriers. Finally, the designed method should generalize to dif-
ferent communication systems (OFDM vs. SC), protocols (5G-NR vs.
Wi-Fi), and channel representations (e.g., CFR vs. Channel Impulse
Response (CIR)).

Contribution. To address these challenges, we design and val-
idate HiSAC, the first multiband ISAC system that fully reuses
communication traffic across multiple bands (and technologies) to
boost the sensing resolution, as shown in Fig. 1. HiSAC first com-
bines all the subbands used by the same ISAC transmitter (TX)-RX
pair (a subsystem), which are affected by the same offsets and hence
phase-coherent. Then, it compensates for relative timing, frequency,
and phase offsets across different subsystems, which are instead
incoherent. For this, a new phase synchronization algorithm is pro-
posed based on a simple, yet effective, initialization, based on an
anchor propagation path, and refinement through an optimization
problem. Then, HiSAC combines all the available subbands across
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Figure 1: Overview of HiSAC’s multiband sensing.

subsystems with a focused Orthogonal Matching Pursuit (OMP)
algorithm [10] that exploits the (coarse) prior knowledge about
targets’ locations obtained from the single subsystems, and outputs
super-resolved range estimates. As a final step, HiSAC can combine
range estimates obtained from different packets or OFDM slots over
time (coherently or incoherently) to further boost the resolution
and accuracy. Our approach combines subbands over several GHz
of bandwidth, fully reusing pilot signal in communication systems,
e.g., Synchronization Signal Blocks (SSBs) in 5G-NR, and applies to
different frequencies, communication systems, and even different
technologies, e.g., SC and OFDM.

We implement HiSAC on a Radio Frequency System on a Chip
(RFSoC) platform in the mmWave unlicensed band (58-64 GHz). We
demonstrate that HiSAC achieves a few-cm ranging resolution on
metal and human targets, giving a 3 to 20 times improvement over
baseline methods. Moreover, it works in mono-/bi-static configura-
tions on typical multiband systems employing carrier aggregation,
bandwidth part, and it is robust to target motion.

The contributions of our work can be summarized as:
1. We propose HiSAC, the first multiband ISAC system that

achieves super-resolution passive ranging using non-contiguous,
narrow, and incoherent subbands estimated by sets of communica-
tion pilot signals over time.

2. HiSAC features new model-based signal processing steps to
achieve phase-coherence among subbands that adapt to different
systems and technologies across GHz-wide bands.

3. Our approach entails zero additional overhead on communi-
cation and seamlessly integrates with multiband communication
systems that adopt carrier aggregation or bandwidth part.

4. We prototype HiSAC in the unlicensed mmWave band and
test it on a vast experimental campaign, showing it can achieve up
to 20 times better resolution compared to a single band with the
same spectrum occupation per time slot.

2 PRELIMINARIES AND MOTIVATION
In this section, we provide useful background on the applicability of
HiSAC in ISAC systems, ranging resolution, and phase incoherence
due to phase offsets. Then, we highlight the novelty of our approach
with respect to existing active multiband systems for localization.

2.1 HiSAC use cases in ISAC
Multiband operation is widely used in communications to increase
the data rate and multiplex applications to different users. In this
section, we provide an overview of three practical use cases of
our method for multiband ISAC: Two of them are typical of cellu-
lar networks, such as 5G-NR or future 6G, and one tackles cross-
technology multiband sensing.
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Carrier aggregation. Carrier aggregation is a function im-
plemented in the Radio Access Network (RAN) and User Equip-
ments (UEs) of 5G-NR mobile wireless networks. carrier aggrega-
tion combines multiple frequency allocations (carriers) at different
radio cells to boost the data rate of the connection [23]. A set of
serving cells is identified that contributes to the aggregation, which
can take place within the same frequency band (intra-band), e.g.,
within the sub-6 GHz range, or across multiple bands (inter-band),
e.g., across Frequency Range (FR) 2 and FR 3. Exploiting the channel
estimation process carried out on each frequency band for sensing
would greatly enhance the available bandwidth and, as a result, the
ranging resolution.

Bandwidth part. Bandwidth part is a mechanism to split the
radio channel available to a cell into multiple segments (parts),
which can then be used to allocate different regions of the spectrum
to different applications (or UEs) [27]. Only one part can be active at
a time, and SSBs can be transmitted in each part to synchronize to
different UEs. Given that SSBs have a relatively narrow bandwidth,
it is appealing to develop a system that can combine the SSBs
transmitted by one or more radio cells to perform accurate mono-
static ranging by exploiting the total frequency aperture over a
wider bandwidth. Note that, bandwidth part poses the additional
requirement that the system must be able to operate with CFR
estimates that are not collected simultaneously in all the subbands.

Cross-technology multiband processing. Coexistence of un-
licensed 5G-NR and IEEE 802.11ay has been advocated in the 60
GHz band and has gathered significant interest from academia and
industry [9, 39]. Flexible multiband processing across OFDM and
SC communication technologies is appealing to boost sensing reso-
lution in these cases. While combining multiple Wi-Fi channels has
been studied for both communication [4] and localization [18, 57],
combining multiple frequency bands obtained by Wi-Fi and cellular
communication systems is still unexplored. In the mmWave band,
IEEE 802.11ay channels span a wide bandwidth of 1.76 GHz, while
in 5G-NR channels are limited to 400 MHz. Therefore, combining
multiple channels across the two technologies can yield practi-
cal Ultra-Wide Band (UWB)-level resolution with CFR estimates
spanning several GHz of bandwidth.

2.2 Delay and ranging resolution
The delay resolution, Δ𝜏 , of a localization or passive sensing sys-
tem is related to the bandwidth, 𝐵, of the transmission signal as
Δ𝜏 = 1/𝐵. The corresponding ranging resolution for passive sens-
ing also depends on the angle between the segments connecting
the TX to the target and the target to the RX (bi-static angle), 𝛽 , as
Δ𝑟 = 𝑐/[2𝐵 cos (𝛽/2)]. A mono-static system, with co-located TX
and RX, gives Δ𝑟 = 𝑐/(2𝐵) which minimizes Δ𝑟 with respect to 𝛽 .
Unlike radar systems, which typically feature a large transmission
bandwidth fully dedicated to sensing, communication systems are
relatively narrowband for sensing purposes. As an example, even
mmWave 5G-NR system with 400 MHz channels can only reach up
to 37 cm mono-static ranging resolution, which may be insufficient
for fine-grained sensing applications. Moreover, such resolution is
only obtained if the full bandwidth is used to estimate the channel.
This is often not the case, since pilot signals are transmitted on a

subset of the available subcarriers. The SSBs used for synchroniza-
tion with UEs, for example, occupy 240 OFDM subcarriers with
at most 240 kHz subcarrier spacing. This leads to a very coarse
ranging resolution of Δ𝑟 = 𝑐/(2 · 240 · 240kHz) = 2.6 m.

Improving ranging resolution is a challenging task since the bi-
static angle depends on the location of the TX, RX, and target, and
increasing the bandwidth is not viable in ISAC systems since it is
pre-determined by the communication protocol. Super-resolution
approaches have been proposed that exploit subspace-based meth-
ods, e.g., MUSIC [18], or compressed sensing algorithms [17], ex-
ploiting assumptions on the structure of the channel (e.g., sparsity).
However, none of these methods can drastically improve the rang-
ing resolution, and limitations due to the narrow bandwidth remain.

2.3 Phase-incoherence among subbands
In a wireless communication system, the clock signal of each node
is generated from a Local Oscillator (LO). The different LOs are
asynchronous, meaning that, due to hardware non-idealities, they
are subject to time-varying relative drifts from their nominal oscil-
lating frequencies [67]. In addition, their initial phase is random.
This introduces unwanted offsets in the received signals that are
specific to each TX-RX pair. These can be categorized into Timing
Offset (TO), Carrier Frequency Offset (CFO), and Random Phase
Offset (RPO) [54].

TO results from the lack of time synchronization between the
TX and RX. It is due to the unknown shift or offset affecting the
RX clock relative to the TX one, and to the synchronization point
chosen by the RX. TO is time-varying and causes an undesired
phase term that increases linearly with the subcarriers in OFDM
systems.

CFO is due to the time-varying difference in the LOs of the TX
and RX. Communication systems typically estimate and partially
compensate for the CFO. This leads to a residual CFO that is fast
time-varying, as a result of the compensation error [54]. CFO causes
a cumulative phase shift across packets or OFDM slots.

The RPO can be caused by non-idealities in the TX and RX
devices, as well as by phase noise [40]. It varies on an OFDM symbol
basis. Note that RPO can be present even between the multiple
channels of the same LO.

When multiple ISAC systems in different frequency bands are
considered, a direct combination of their CFRs is infeasible due to
the presence of the above offsets. Indeed, this causes the phases of
the CFRs in the different bands to be misaligned at the different RXs,
preventing the construction of a common model spanning the full
frequency band. Several approaches have been proposed to tackle
TO and CFO in ISAC systems [5, 25, 32, 34, 36, 60–62, 70]. However,
none of these tackles phase synchronization by also eliminating
the RPO, which is essential for multiband CFR combination.

2.4 Innovation over multiband localization
Exploiting multiple frequency bands for localizing an active receiver
device has been widely studied. HiSAC instead tackles the different
problem of passive ranging, in which the target of the localization
is an object or person, not necessarily equipped with a radio device.

Two main aspects prevent the application of existing methods
for active localization to the passive ISAC scenario.
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First, active localization targets the time-of-arrival estimation
of the Line-of-Sight (LOS) path between TX and RX, as done by
Chronos [49] and SpotFi [18], among others [3, 16]. Hence, multi-
path reflections are regarded as a nuisance and have to be compen-
sated for. Conversely, our work focuses on obtaining the propaga-
tion delays of reflections on passive objects that are causing the
multipath effect. These are significantly weaker than the LOS, due
to the longer propagation distance and scattering on the target. The
applicability of active localization methods for paths other than
the LOS has not been demonstrated, making them unsuitable for
radar-like sensing, which is the objective of HiSAC.

Second, existing multiband localization methods combine over-
lapping, contiguous, or relatively close frequency subbands [18, 55,
57]. This is due to the limitations of existing algorithms to achieve
phase coherence, which do not scale well to wide frequency bands,
and the high computational complexity of compressed sensing. Due
to these limitations, existing methods can not be applied to ISAC,
where subbands may be widely separated in frequency as discussed
in Section 2.1, with a low ratio of measured frequencies over the
total bandwidth aperture. We demonstrate instead that HiSAC can
accurately perform ranging with as low as 1/6 measured frequen-
cies ratio (see Section 6.2). This is enabled by exploiting the channel
sparsity, originally applying compressed sensing in two incremen-
tal steps to reduce complexity, and to the increased robustness
of HiSAC’s phase offsets compensation method. Thanks to these
innovations, HiSAC is also the first multiband system that demon-
strates cross-technology sensing capabilities, combining OFDM and
SC channel estimates over wide bands.

Third, active localization relies on information exchange among
nodes to compensate for phase offsets, which introduces overhead
on communication and energy consumption. Multiband methods
like Chronos [49], Owll [3], M3 [6], and others [16, 17] exchange
channel measurements using dedicated handshaking protocols and
perform active frequency hopping. The overhead due to these ad-
ditional transmissions reduces the Wi-Fi throughput by 18.5% in
Chronos [49], while [3] shows their significant impact on the bat-
tery life of embedded devices. Conversely, HiSAC does not require
exchanging channel estimates or performing frequency hopping.
It only uses channel estimates that are already available at the re-
ceiver, without introducing any further cooperation or information
exchange (i.e., avoiding the involved communication overhead).

3 SYSTEM MODEL
In this section, we formulate a general model of a multiband ISAC
system that fits all the use cases in Section 2.1.

3.1 Non-coherent subsystems and subbands
Consider a wide frequency band with bandwidth 𝐵 and starting
frequency 𝑓0, denoted as the full band of interest, as shown in Fig. 2.
The full band represents the total frequency aperture of HiSAC,
which gives the ideal delay resolution of the system. In practice, the
full band may represent the total aperture of carrier aggregation
or bandwidth part systems, spanning from the frequency of the
first estimated subcarrier in the channel response to the last one,
including frequency gaps.

We call Δ𝑓 the spacing of the frequency samples of the consid-
ered CFR (subcarriers). Δ𝑓 corresponds to the subcarrier spacing in
OFDM systems or to the Discrete Fourier Transform (DFT) samples
spacing used in SC systems. The total number of virtual subcarriers
in the full band is 𝐾 = 𝐵/Δ𝑓 , indexed by 𝑘 = 0, . . . , 𝐾 − 1. We use
the term virtual to highlight that not all the subcarriers are used for
communication, which is carried out on a subset of the full band
spectrum. In the following, we assume that all the considered sub-
bands share the same subcarrier spacing Δ𝑓 , which can be achieved
using interpolation or downsampling.

We consider an ISAC system consisting of 𝐶 non-coherent sub-
systems affected by TO, CFO, and RPO. Each subsystem, 𝑖 , includes
one TX-RX pair that may be co-located (mono-static) or widely
separated (bi-static). In practice, a subsystem can be represented by
co-located Base Stations (BSs) or Access Points (APs) from different
operators, acting as mono-static ISAC transceivers, or BS-BS/BS-UE
pairs in the bi-static case. Subsystem 𝑖 has bandwidth 𝐵𝑖 , starting
from frequency 𝑓𝑖 , contained in the full band. The total number
of virtual subcarriers of a subsystem is 𝐾𝑖 = 𝐵𝑖/Δ𝑓 . Within each
subsystem, the channel is estimated over a set S𝑖 of potentially
non-contiguous subbands, with |S𝑖 | = 𝑆𝑖 . The subbands may span
the whole 𝐵𝑖 or a part of it, according to the allocation of pilot
signals used for channel estimation. We use index 𝑠 = 1, . . . , 𝑆𝑖 to
identify the subbands in subsystem 𝑖 . Note that 𝑆𝑖 may equal 1 if
system 𝑖 has a single subband. We call the total number of subbands
in the system 𝑆 =

∑𝐶
𝑖=1 𝑆𝑖 . Each subband contains a set of 𝐾𝑖,𝑠 sub-

carriers. The subcarriers in the system for which the channel is
estimated are called available subcarriers. The number of available
subcarriers is 𝑀𝑖 =

∑𝑆𝑖
𝑠=1 𝐾𝑖,𝑠 , for subsystem 𝑖 and 𝑀 =

∑𝐶
𝑖=1 𝑀𝑖 for

the whole system, with 𝑀𝑖 ≤ 𝐾𝑖 and 𝑀 < 𝐾 .
Note that HiSAC handles subsystems and subbands with dif-

ferent bandwidths, which is critical to seamlessly integrate it into
communication systems operating in diverse frequency bands.

Since each ISAC subsystem has a single RX, all the subbands
of the same subsystem 𝑖 share the same TO, CFO, and RPO due
to being implemented on the same radio device. In our model, we
consider TO, CFO, and RPO of subsystem 𝑖 to be relative to the
first subsystem (𝑖 = 1), which we take as a reference. Hence, we
denote by 𝜏𝑜,𝑖 (𝑡), 𝑓𝑜,𝑖 (𝑡), and 𝜑𝑜,𝑖 (𝑡) the relative TO, CFO, and RPO
of subsystem 𝑖 , respectively. The absolute offsets do not impact the
performance of our system and are omitted in the model.

3.2 Multiband channel model
In this section, we present the multiband CFR model. We consider
a time-varying multipath channel with 𝐿 propagation paths, where
𝑡 is used to denote time. We denote by 𝜏𝑙 (𝑡) and 𝛼𝑙 (𝑡) the delay of
the 𝑙-th channel path due to propagation and its complex amplitude
at time 𝑡 , accounting for the combined effect of the propagation
loss and the target’s scattering phase [41]. Tab. 1 summarizes the
notation used in the system model.

We model the CFR over the full band, discretized by the subcar-
rier spacing Δ𝑓 . The expression of the full band CFR for subcarrier
𝑘 at time 𝑡 is

𝐻𝑘 (𝑡) =
𝐿∑︁
𝑙=1

𝛼𝑙 (𝑡)𝑒− 𝑗2𝜋𝑘Δ𝑓 𝜏𝑙 (𝑡 ) , 𝑘 = 0, . . . , 𝐾 − 1, (1)
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Figure 2: Summary of subsystems and subbands notation.

Start frequency 𝑓0 No. avail. subc. subsys. 𝑖 𝑀𝑖

Full bandwidth 𝐵 TO subsystem 𝑖 𝜏𝑜,𝑖

Subcarrier spacing Δ𝑓 CFO subsystem 𝑖 𝑓𝑜,𝑖

Total no. subcarriers 𝐾 RPO subsystem 𝑖 𝜑𝑜,𝑖

No. of subsystems 𝐶 PO subsystem 𝑖 𝜙𝑜,𝑖

No. subcarriers subsys. 𝑖 𝐾𝑖 Total delay resolution Δ𝜏
No. subc. subsys. 𝑖 subb. 𝑠 𝐾𝑖,𝑠 Number of paths 𝐿

Start frequency subsys. 𝑖 𝑓𝑖 Complex gain path 𝑙 𝛼𝑙
Bandwidth subsystem 𝑖 𝐵𝑖 Delay path 𝑙 𝜏𝑙
Subbands set subsystem 𝑖 S𝑖 Start idx. subsys. 𝑖 subb. 𝑠 𝑘𝑖,𝑠

No. subbands subsystem 𝑖 𝑆𝑖 𝑘-th subc. in total CFR 𝐻𝑘
No. available subcarriers 𝑀 𝑘-th subc. subsys. 𝑖 subb. 𝑠 𝐻𝑖,𝑠,𝑘

Table 1: Summary of the notation.

with delay resolution Δ𝜏 = 1/(Δ𝑓 𝐾). The CIR can be obtained from
the CFR via an Inverse DFT (IDFT) along the subcarriers. Note that,
in Eq. (1), we include the carrier phase into each path’s complex
amplitude 𝛼𝑙 (𝑡). Considering the carrier phase in the full band
channel model would lead to high sensitivity of the algorithm to
errors in the positioning of the TX and RX antennas of each subsys-
tem, which would make it impractical to use. This is especially true
for at mmWave frequencies where the wavelength is short. Hence,
HiSAC exploits the bandwidth aperture 𝐵, rather than the carrier
𝑓0. As commonly done in the UWB channels literature [50, 51], we
consider the coefficients 𝛼𝑙 (𝑡) to be constant within the frequency
band of interest. This holds if the total bandwidth is less than 20%
of the carrier frequency [33].

We denote by𝑘𝑖,𝑠 the starting index of subband 𝑠 in subsystem 𝑖 in
the full band grid, 𝑘 = 0, . . . , 𝐾 . The CFR in subband 𝑠 , at subcarrier
𝜅 = 0, . . . , 𝐾𝑖,𝑠 − 1, is

𝐻𝑖,𝑠,𝜅 (𝑡) = 𝑒 𝑗𝜙𝑜,𝑖 (𝑡 )𝑒− 𝑗2𝜋𝜅Δ𝑓 𝜏𝑜,𝑖 (𝑡 )
𝐿∑︁
𝑙=1

𝛼𝑙 (𝑡)𝑒− 𝑗2𝜋 (𝑘𝑖,𝑠+𝜅 )Δ𝑓 𝜏𝑙 (𝑡 ) ,

(2)
where𝜙𝑜,𝑖 (𝑡) = −2𝜋 𝑓𝑜,𝑖 (𝑡)𝑡+𝜑𝑜,𝑖 (𝑡) is denoted by Phase Offset (PO)
in the following. The PO contains the contribution of the CFO and
the RPO since these are constant in 𝜅 and 𝑙 .

4 HISAC METHODOLOGY
This section presents HiSAC’s processing steps, which are summa-
rized in the following and shown in Fig. 3.
(1) Coherent intra-subsystem combination. The first step per-
forms a coarse multiband reconstruction of the CFR, using only the
coherent subbands in each subsystem, as detailed in Section 4.1.
The reason to first aggregate subbands over each subsystem is to

obtain a wider-band CFR, to simplify the subsequent removal of
phase offsets.
(2) TO and PO compensation. This step applies a new algorithm
to achieve phase synchronization across multiple subsystems, mak-
ing them suitable for coherent multiband combination (see Sec-
tion 4.2). Compared to existing approaches, ours is more robust
with narrow, non-contiguous subbands by (i) exploiting an anchor
path for TO initialization and (ii) accurately estimating TO and PO
via optimization.
(3) Inter-subsystem multiband reconstruction. Delays and am-
plitudes of the multipath components in the CFR are estimated
using all the available subbands. This is done with the OMP algo-
rithm, to tackle the gaps in the CFR measurements, by restricting
the search space around the initial estimates obtained from the
coherent subsystems to counter the discretization error, as detailed
in Section 4.3.
(4) Temporal aggregation. HiSAC can optionally aggregate the
estimates of the multipath parameters across time, represented
by different packets or OFDM slots. The aggregation consists of
an accumulation and selection algorithm, that yields significantly
improved ranging accuracy and resolution after a few time slots
(see Section 4.4).

Steps (1)-(3) do not depend on the time instant in which the CFR
is estimated, so we omit the time 𝑡 in their description.

4.1 Intra-subsystem coherent combination
As a first step, we combine the subbands obtained by each subsys-
tem 𝑖 coherently (since they experience the same TO and PO) to
coarsely estimate the multipath delays and complex amplitudes. To
do so, we first observe that the CFR in Eq. (1) is sparse in the delay
domain. This stems from the fact that in typical communication
channels the number of paths, 𝐿, is much lower than the number
of total subcarriers, 𝐾 . Hence, it is possible to represent the CFR as
a combination of much fewer basis signals compared to the num-
ber of subcarriers. This fact can be exploited to recover the CFR
for subsystem 𝑖 from the incomplete set of 𝑀𝑖 CFR measurements,
according to the compressed sensing principle [10].

Notation and definitions. To formulate the intra-subsystem
CFR reconstruction as a compressed sensing problem, we set up a
grid with 𝑄𝑖 channel path candidates as 0, . . . , (𝑄𝑖 − 1)𝛿𝑖 , where 𝛿i
is the grid granularity of subsystem 𝑖 . The size of the grid should
be selected according to a trade-off between reconstruction perfor-
mance and computational complexity. Each candidate is a complex
sinusoidal signal that represents a possible channel path with its
corresponding delay. To compactly represent the set of candidate
paths, we construct a partial Fourier matrix, F𝑖 , that spans all the
subcarriers in subsystem 𝑖 and the delays in the grid. Element𝑚,𝑞
of F𝑖 is (F𝑖 )𝑚,𝑞 = 𝑒 𝑗2𝜋𝑚𝑞𝛿𝑖Δ𝑓 /√𝐾𝑖 . The columns of F𝑖 represent
the different complex sinusoids corresponding to the candidate
paths. However, in our multiband ISAC system not all the sub-
carriers are observed by subsystem 𝑖 . To model this aspect, we
define A𝑖 as the matrix whose rows are the vectors of all zeros
but the 𝑘-th component, which equals 1, with 𝑘 ∈ {𝑘𝑖,1, . . . , 𝐾𝑖,1 −
1, . . . , 𝑘𝑖,𝑆 , . . . , 𝐾𝑖,𝑆 − 1}. We use A𝑖 to select the rows of F𝑖 whose
indices are in the set of available CFR samples in subsystem 𝑖 .
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Figure 3: HiSAC high-level overview.

We obtain the final model matrix, which only contains the avail-
able parts of the complex sinusoids corresponding to the candi-
date paths, as Γ𝑖 = A𝑖F𝑖 , of dimension 𝑀𝑖 × 𝐾𝑖 . Then, we collect
all the available CFR measurements in subsystem 𝑖 into vector
H𝑖 = [𝐻𝑖,1,0, . . . , 𝐻𝑖,1,𝐾𝑖,1−1, . . . , 𝐻𝑖,𝑆,0, . . . , 𝐻𝑖,𝑆,𝐾𝑖,𝑆−1]T, of dimen-
sion 𝑀𝑖 .

Compressed sensing problem formulation. To represent
the coarse CIR estimate obtained by fusing the 𝑆𝑖 subbands in
subsystem 𝑖 , we use vector h𝑖 , of dimension 𝐾𝑖 . h𝑖 is related to the
CFR in the 𝑖-th subsystem by the following model H𝑖 = Γ𝑖h𝑖 +w𝑖 ,
where w𝑖 is a complex Gaussian noise vector with element-wise
variance equal to 𝜎2

𝑤 . Since the CFR is sparse in the delay domain,
only a small fraction of the components of h𝑖 are non-zero.

Estimating the non-zero components of h𝑖 is the aim of the
compressed sensing-based CFR reconstruction. Specifically, this
can be done by solving the following optimization problem

h𝑖 = arg min
h
| |h| |0 subject to | |H𝑖 − Γ𝑖h| |22 < 𝜖, (3)

where | | · | |0 is the number of non-zero components of a vector and
𝜖 is a pre-defined reconstruction error threshold that depends on
the noise level.

OMP-based solution. To solve the problem in Eq. (3), we use
the OMP algorithm [10], which operates by iteratively adding non-
zero components to h𝑖 in a greedy fashion. At each iteration, the
candidate in Γ𝑖 that best correlates with the residual measurements
is selected as valid, and its complex amplitude is estimated via
least-squares. The new valid candidate is then subtracted from the
measurements and the process is repeated.

OMP finds an approximation to the sparsest estimate of the CIR
that leads to a bounded Mean Squared Error (MSE) with the CFR
measurements. The bound on the MSE is regulated by the positive
constant 𝜖 , which can be estimated from the CFR estimates data.
In our implementation, we stop the execution of OMP once the
reconstruction error on the original measurements, H𝑖 , falls below
5% of the norm of H𝑖 .

We call 𝐿OMP
𝑖

the number of non-zero components of h𝑖 as re-
constructed by OMP. Together with the complex coefficients of
the valid candidate paths, OMP yields the corresponding path de-
lays. We group the coefficients and delays into the set {𝛼𝑖,𝑙 , 𝜏𝑖,𝑙 },
𝑙 = 1, . . . , 𝐿OMP

𝑖
. These correspond to the values and locations

of the non-zero elements of vector h𝑖 in the grid of candidates.
Note that, since no phase offset compensation has been applied
yet, 𝜏𝑖,𝑙 is an estimate of 𝜏1,𝑙 + 𝜏𝑜,𝑖 , i.e., the delays 𝜏𝑖,𝑙 contain the
relative TO. Finally, a synthetic CFR for subsystem 𝑖 , is obtained
as 𝐻̃𝑖,𝑘 =

∑𝐿OMP
𝑖

𝑙=1 𝛼𝑖,𝑙𝑒
− 𝑗2𝜋𝑘Δ𝑓 𝜏𝑖,𝑙 , where 𝑘 can be extended even

outside of the subsystems’ bandwidth. This will be used in the next
section to compensate for relative TOs and POs.

4.2 Relative TO and PO compensation
In the second step, the relative TOs and POs among the different
ISAC subsystems are compensated for. This is done by leveraging
an anchor propagation path between the TX and the RX of each
subsystem since the TO and PO are common to all paths [67]. The
anchor path could be either the LOS path, which is commonly
assumed to be available in ISAC [68], or a non-LOS static path seen
by all subsystems. In the following, we first cast the TO and PO
estimation as an optimization problem. Then, we detail how to
exploit the anchor path in different subsystems to initialize the TO
accurately. Finally, we solve the optimization and compensate for
TO and PO to achieve phase-coherence.

Problem formulation. We compensate for 𝜏𝑜,𝑖 and 𝜙𝑜,𝑖 us-
ing the synthesized CFR of subsystem 𝑖 and that of the reference
subsystem. Intuitively, compensating for TO and PO amounts to
performing the following two operations: (i) phase-rotating the
complex values of the CFR of subsystem 𝑖 , 𝐻̃𝑖,𝑘 , by −𝜙𝑜,𝑖 for all
subcarriers, and (ii) re-modulating the CFR by multiplying it by the
complex exponential 𝑒 𝑗2𝜋𝑘Δ𝑓 𝜏𝑜,𝑖 . It can be seen that applying (i)
and (ii) cancels out the offsets from the CFR in Eq. (2).

As a result, TO and PO can be estimated by solving the following
minimization problem

{𝜏𝑜,𝑖 , 𝜙𝑜,𝑖 } = arg min
𝜏,𝜙

𝐾−1∑︁
𝑘=0

���𝐻̃1,𝑘 − 𝑒− 𝑗𝜙𝑒 𝑗2𝜋𝑘Δ𝑓 𝜏 𝐻̃𝑖,𝑘
���2

= arg min
𝜏,𝜙

𝐾−1∑︁
𝑘=0
−2Re

{
𝑒− 𝑗𝜙𝑒 𝑗2𝜋𝑘Δ𝑓 𝜏 𝐻̃ ∗1,𝑘𝐻̃𝑖,𝑘

}
, (4)

where ∗ and Re{·} are the complex conjugate and real part of a com-
plex number, respectively. Solving Eq. (4) gives the phase rotation
and re-modulation delay that best match the measured CFR on the
reference subsystem. The problem is high-dimensional, non-linear,
and non-convex, which causes solvers to converge to inaccurate so-
lutions and get stuck in local minima. Moreover, its computational
complexity is prohibitive since the number of frequency samples 𝐾
is huge due to its relation with the subcarrier spacing.

Initialization. To solve the problem, we obtain an accurate
initial estimate of the TO from the synthesized CFRs. We select
the anchor path delay for subsystem 𝑖 , denoted by 𝜏𝑖,1, among
{𝛼𝑖,𝑙 , 𝜏𝑖,𝑙 }, 𝑙 = 1, . . . , 𝐿OMP

𝑖
. If this corresponds to the LOS, it is easily

identifiable by having strong received power compared to scattered
paths [20] and by having the smallest propagation delay. If the
anchor path is a non-LOS static reflection, it can be localized by
each subsystem before applying HiSAC. The path delays of the
reference subsystem, 𝜏1,1, are not affected by relative TO. Since the
TO is common to all the propagation paths, it can be estimated
from the anchor path and used to initialize the solution to Eq. (4).
We estimate the relative TO as the difference between the anchor
path delay of subsystem 𝑖 and that of the reference subsystem,
𝜏 ′
𝑜,𝑖

= 𝜏1,𝑖 − 𝜏1,1. This reasoning is shown in Fig. 4a. The OMP
grid step used in subsystem 𝑖 , 𝛿𝑖 , limits the accuracy of 𝜏 ′

𝑜,𝑖
, since

the values of 𝜏1,𝑖 can only lie on the grid. Therefore, we apply a
refinement step to the TO estimate and also obtain the PO.
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Figure 4: Example estimation of the initialization value for the TO, (a), and
the refinement via optimization, (b).

Initializing the TO estimate using delay differences is an innova-
tion of HiSAC. It allows reducing the complexity of directly solving
Eq. (4) by reducing the search space for the TO which, unlike the
PO, is unbounded and causes fast oscillations of the cost function.
Moreover, note that solving Eq. (4) requires achieving phase co-
herence between the recostructed CFRs across the full bandwidth.
When the frequency bands of the subsystems are widely separated,
this is challenging since even a small error on the TO can cause
large phase variations across wide frequency bands. Existing meth-
ods based on linear fitting of the phase, e.g., [18], are prone to errors
in these cases as we show in Section 6.

Refinement. Once the initial estimate of the TO has been ob-
tained, we refine it by solving Eq. (4). The computational complex-
ity is greatly reduced by searching over a small neighborhood of
𝜏 ′
𝑜,𝑖

, while for the PO we search over the interval [0, 2𝜋]. We use
a grid search for this optimization, focusing the search space in
[𝜏 ′
𝑜,𝑖
− 𝜉, 𝜏 ′

𝑜,𝑖
+ 𝜉] for the TO, where 𝜉 = 5𝛿𝑖 , i.e., 5 times the OMP

grid step of the subsystem. Note that this choice achieves a trade-
off between reducing the search space as much as possible and
accounting for errors in the initialization, whose accuracy depends
on 𝛿𝑖 . We use a grid spacing of 2𝜉/100 for TO and 2𝜋/100 for PO,
thus searching over a 100 × 100 grid. The size of the grid can be
reduced or increased depending on computational resources. As
a result, we obtain estimates of the TO, 𝜏𝑜,𝑖 , and PO, 𝜙𝑜,𝑖 . Fig. 4b
shows an example of the refinement step. The initialization of the
TO allows restricting the search to a small area in the cost function
that presents a clear minimum.

TO and PO compensation. The TO and PO are compensated
for in each subband by applying the phase-rotation and re-modulation
steps (see points (i) and (ii) in the problem formulation) using the
estimates 𝜏𝑜,𝑖 , and 𝜙𝑜,𝑖 . This is mathematically expressed as

𝐻𝑖,𝑠,𝜅 = 𝑒− 𝑗𝜙𝑜,𝑖 𝑒 𝑗2𝜋𝜏𝑜,𝑖𝜅Δ𝑓 𝐻𝑖,𝑠,𝜅 , (5)

where the resulting CFR for subband 𝑠 of subsystem 𝑖 ,𝐻𝑖,𝑠,𝜅 , is now
phase-coherent with the reference subsystem, up to estimation
errors. This enables the coherent combination of the subbands
across the full band of interest.

Remark. The proposed method can handle CFR estimates ob-
tained at different time instants by the different subsystems, as
long as the time difference among the estimates is short enough
to consider the channel parameters to be constant. To see this,
consider Eq. (2) and two CFR estimates obtained by subsystems
1 and 2 at times 𝑡1 and 𝑡2, respectively. If the two estimates are

sufficiently close in time, the channel parameters 𝛼𝑙 and 𝜏𝑙 can be
considered constant. Conversely, the offsets 𝜏𝑜,2 (𝑡), 𝜙𝑜,2 (𝑡) are fast
time-varying, so they change from 𝑡1 to 𝑡2. Taking subsystem 1 at
time 𝑡1, our approach compensates for the cumulative TO and PO,
given by 𝜏𝑜,2 (𝑡2) + 𝜏𝑜,2 (𝑡1) and 𝜙𝑜,2 (𝑡2) + 𝜙𝑜,2 (𝑡1). HiSAC is there-
fore general enough to handle relative TO and PO due to collecting
CFR at different time instants. This feature makes it extremely flex-
ible in utilizing the CFR estimates obtained by the communication
system. Moreover, compared to methods based on linear fitting
of the unwrapped phase at different subcarriers, e.g., [18, 57], our
approach is more effective with non-contiguous frequency bands
(see Section 6).

4.3 Multiband fusion
Once the available subbands have been made mutually coherent,
we use OMP to obtain a combined set of delay estimates. This step
is similar to the intra-subsystem CFR reconstruction in Section 4.1.
However, the search space is huge since the number of subcarriers
in the full band is much larger than that in the single subsystems,
i.e., 𝐾 ≫ 𝐾𝑖 . Hence, a direct application of OMP would either
have prohibitive computational complexity if we select a small
grid spacing, or give inaccurate results if the grid spacing is too
large. To solve this issue, we leverage the knowledge of the delays
estimated by the single subsystems before the coherent fusion to
greatly reduce the search space. This can be thought of as focusing
the OMP algorithm around the solutions obtained from the lower-
resolution subsystems.

Search space reduction. To effectively reduce the search space,
we consider the reference subsystem and denote by {𝜏1,1, . . . , 𝜏1,𝐿OMP

1
}

its set of delays. Instead of considering a complete grid of delays, as
done in the intra-subsystem CFR reconstruction, here HiSAC works
on a union of discrete intervals around the reference subsystem’s
solutions. To do so, we first obtain a continuous union of inter-
vals around the candidate delays from the reference subsystem, i.e.,
R =

⋃
𝑙 R𝑙 , where R𝑙 = [𝜏1,𝑙 − 𝛾, 𝜏1,𝑙 + 𝛾]. 𝛾 is the one-sided width

of the interval and it is chosen as half the worst nominal delay res-
olution among the subsystems, i.e., 𝛾 = 1/(2 min𝑖 (𝐵𝑖 )). This way,
the search area around the subsystem’s solution is conservatively
adapted to the subsystem with the lowest resolution.

Then, HiSAC discretizes R to construct a grid of 𝑄 candidate
delays for OMP with step 𝛿 . The latter determines the final HiSAC
delay resolution and accuracy. The elements of the discretized set
of delays are denoted by 𝜈1, . . . , 𝜈𝑄 .

Thanks to the search space reduction step, the dimensionality of
the problem is reduced from having 𝐾 candidates to 𝑄 candidates.
𝑄 can be significantly smaller than 𝐾 , since 𝐿OMP

1 is small due to
the sparsity of the channel and 𝛿 is under our control.

OMP-based solution. Similar to Section 4.1, the subsystem
combination can be cast as a compressed sensing problem that we
solve using OMP. To this end, we construct a matrix with the candi-
date complex sinusoidal components in the channel as its columns.
This is a partial 𝐾 × 𝑄 Fourier matrix, F, that only contains the
candidates corresponding to the delays in set {𝜈1, . . . , 𝜈𝑄 }. The
components of F are defined as (F)𝑘,𝑞 = 𝑒 𝑗2𝜋𝑘𝜈𝑞Δ𝑓 /√𝐾 . To model
the missing subcarrier measurements, we introduce a selector ma-
trix, A ∈ {0, 1}𝑀×𝐾 , whose rows are the 𝐾-dimensional vectors
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of all zeros but the 𝑘-th component, and each row has a different
𝑘 ∈ {𝑘1,1, . . . , 𝐾1,1 − 1, . . . , 𝑘𝐶,𝑆 , . . . , 𝐾𝐶,𝑆 − 1}. Left-multiplying A
by F selects the rows of F whose indices are in the set of available
CFR samples. Call Γ = AF ∈ C𝑀×𝑄 , and define the CFR vector of
dimension 𝑀

H̄ = [𝐻1,1,0, . . . , 𝐻1,1,𝐾1 , . . . , 𝐻𝐶,𝑆,0, . . . , 𝐻𝐶,𝑆,𝐾𝑆 ]T, (6)

that contains all the available measurements from all the 𝑆 sub-
bands after TO and PO compensation. We denote by h ∈ C𝑄 the
CIR obtained by fusing the 𝑆 subbands. Using OMP we estimate h
by solving the same problem in Eq. (3), using H̄ as the measurement
vector and Γ as the model matrix. As for the single subsystems,
OMP is stopped once the reconstruction error with respect to the
measurements reaches a 5% threshold, and the corresponding num-
ber of non-zero components of ĥ is 𝐿OMP. The set of path delays
and amplitudes obtained from the non-zero components of ĥ is
{𝛼𝑙 , 𝜏𝑙 }, 𝑙 = 1, . . . , 𝐿OMP. The delays are then mapped to relative
distances as 𝑟𝑙 = 𝑐𝜏𝑙 − 𝐷 , where 𝐷 is the distance between the
TX and the RX, assumed known. Relative distances can be used
to localize a target in both mono-static and bi-static scenarios, as
described, e.g., in [20, 36, 37].

4.4 Temporal aggregation
In this section, we discuss how HiSAC can improve its ranging
accuracy and resolution by aggregating multiple channel estimates
across time, as detailed in Alg. 1.

Consider a sequence of 𝑁 path delays, {𝜏1 (𝑡𝑛), . . . , 𝜏𝐿OMP (𝑡𝑛)},
and amplitudes, {𝛼1 (𝑡𝑛), . . . , 𝛼𝐿OMP (𝑡𝑛)}, for 𝑛 = 1, . . . , 𝑁 , obtained
by applying HiSAC to different ISAC packets or OFDM slots at time
instants 𝑡1, . . . , 𝑡𝑁 . These must be obtained in a short processing in-
terval such that the channel parameters can be considered constant,
i.e., 𝑡𝑁 − 𝑡1 should be within the coherence time of the channel.

Recall that the delays outputted by OMP belong to a discrete grid
of candidates 𝜈𝑞 , with 𝑞 = 1, . . . , 𝑄 , which is kept fixed during the
aggregation period. The temporal aggregation step is based on the
following observation: When applied within the coherence time of
the channel, HiSAC outputs correlated sets of delays that can be
aggregated (coherently or incoherently). To do so, Alg. 1 iterates
over the elements in the delay grid and over time slots (lines 2-3).
Then, if 𝜈𝑞 is among the set of outputs of OMP in the considered
slot 𝑛, we accumulate it across time using a running average of the
path amplitudes, 𝜒𝑞 (lines 4-6), that combines the current amplitude
𝛼𝑙 (𝑡𝑛) with the previous 𝜒𝑞 .

We propose two alternative versions of the running average, one
for static targets and one for human sensing (line 5), respectively:

• If the targets are static, the temporal aggregation can be
performed by taking into account the phase of the com-
plex amplitudes (coherent aggregation), which gives higher
Signal-to-Noise Ratio (SNR) and resolution. This corresponds
to the first case in line 5 of Alg. 1.
• With dynamic targets such as humans, instead, we only

aggregate the magnitude information for each path (incoher-
ent aggregation) since the time variation of the phase due
to respiration or slight movement would lead to destructive
interference. This corresponds to the second case in line 5.

Algorithm 1 HiSAC multipath temporal aggregation.
Input: Set of delays and amplitudes across time 𝜏𝑙 (𝑡𝑛 ), 𝛼𝑙 (𝑡𝑛 ) , for 𝑙 = 1, . . . , 𝐿OMP

and 𝑛 = 1, . . . , 𝑁 , OMP grid 𝜈1, . . . , 𝜈𝑄 , order 𝐿OMP .
Output: Improved set of delays and amplitudes {𝛼𝑙 , 𝜏𝑙 }, 𝑙 = 1, . . . , 𝐿OMP .
1: Initialize 𝑞 = 1, 𝜒𝑞 = 0, ∀𝑞 = 1, . . . ,𝑄 .
2: for 𝑞 = 1, . . . ,𝑄 do
3: for 𝑛 = 1, . . . , 𝑁 do
4: if 𝜈𝑞 ∈ {𝜏𝑙 (𝑡𝑛 ) }, 𝑙 = 1, . . . , 𝐿OMP then

5: 𝜒𝑞 ←
{ [

𝛼𝑙 (𝑡𝑛 ) + 𝑛𝜒𝑞
] /(𝑛 + 1) if target is static,[ |𝛼𝑙 (𝑡𝑛 ) | + 𝑛𝜒𝑞 ] /(𝑛 + 1) otherwise.

6: end if
7: end for
8: end for
9: Return {𝛼𝑙 , 𝜏𝑙 }, 𝑙 = 1, . . . , 𝐿OMP as the 𝐿OMP path delays with the highest 𝜒𝑞 .

Finally, in line 9, we select as the final improved set of delays the
𝐿OMP candidates for which 𝜒𝑞 is highest, which we denote by
𝜏𝑙 , for 𝑙 = 1, . . . , 𝐿OMP. The channel gains of such delays are the
corresponding 𝜒𝑞 , which we call 𝛼𝑙 . The delays are then mapped
to relative distances as 𝑟𝑙 = 𝑐 (𝜏𝑙 − 𝜏1).

5 IMPLEMENTATION
To implement HiSAC, we use the open-source Mimorph platform
[22] as a baseline. The platform includes an AMD (Xilinx) RFSoC
that comprises Field Programmable Gate Array (FPGA) logic, mul-
tiple analog-to-digital/digital-to-analog converters, and ARM pro-
cessors. We implement HiSAC to work in the unlicensed 58-64 GHz
mmWave band using linear antenna array front-ends with 16 ele-
ments from Sivers Semiconductors, suitable for analog beamform-
ing. We choose a mmWave frequency band as it represents a chal-
lenging test case, given the high sensitivity to CFO and the strong
phase noise of high frequencies [40]. Signal conditioning from the
RFSoC to the mmWave front-ends includes DC-block filters, low-
pass filters (1 GHz cut-off frequency), and 3 dB attenuators. The
main components of a TX-RX node of the testbed are shown in
Fig. 5a. We configure the testbed to work as 𝐶 = 2 incoherent sub-
systems with carrier frequencies 60.48 GHz and 62.64 GHz. The
testbed can operate concurrently as TX and RX, in mono-static
configuration, or as a bi-static system, using two nodes like the one
in Fig. 5a.

Signal generation. Signals for each sub-system are generated
offline. Evaluating HiSAC requires collecting full band CFR esti-
mates and other information used as ground truth, as detailed
in Section 6.1. Therefore, we generate a composite packet includ-
ing 5G-NR OFDM symbols and IEEE 802.11ay channel estimation
fields. An OFDM symbol including De-Modulation-Reference Sig-
nal (DM-RS), spanning the full bandwidth, is used as ground truth
(see the Full band baseline in Section 6.1). An IEEE 802.11ay channel
estimation field is used for SC CIR estimation. 5G-NR pilot signals
spanning different subbands are used for HiSAC, with bandwidth
and starting frequency depending on the specific experiment. The
signal is sent to the RFSoC using an Ethernet port and stored in
loopback memories implemented in the FPGA logic. The FPGA
clock is set to 245.76 MHz with a super-sampling rate factor of 8,
giving an equivalent of 1966.08 MHz. The inter-packet time is con-
figurable in runtime by a host PC. Since more than one subsystem
is employed, independent data paths are used and connected to
independent mmWave front-ends (Fig. 5a).
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Figure 5: HiSAC prototype (a) and experimental environment (b).

Signal capture and saving. To enable the testbed operation in
mono-/bi-static operation, we modify the packet detection block
from [21] to either trigger packet capture when detecting a valid
preamble in bi-static operation mode or trigger the capture when
transmitting a packet (mono-static mode). The operating mode can
be updated at runtime from a host PC. Valid packets are stored in
on-board RAM (up to 4GB) and then these are offloaded through a
10 Gb Ethernet interface to be processed offline.

6 EXPERIMENTAL RESULTS
In this section, we describe the experimental setup used in the
evaluation of HiSAC. Then we provide an in-depth analysis of our
results obtained in different settings.

6.1 Experiments and baselines
Experiments description. To evaluate HiSAC, we perform 27 ex-
periments involving ISAC radio channel measurements in different
scenarios and configurations. Each experiment is repeated 5 times
and involves the transmission of 100 packets with an inter-packet
time of 50 ms (unless stated otherwise). The experiments are carried
out indoors, in a 7 m × 6 m room (see Fig. 5b), and can be divided
into six groups detailed in the following. In groups (1)-(5) we use
metal cylindric reflectors as targets, while group (6) involves hu-
man subjects. Groups (1)-(4) and (6) are obtained in a mono-static
scenario, while in (5) we use a bi-static setting. In our experiments,
we point the TX beam pattern toward the targets, unless stated
otherwise. In practice, algorithms such as the one in [36, 37] can be
used to estimate the angular location of the scatterers. As an anchor
path to achieve phase coherence, we use the self-interference path
in the mono-static scenario and the LOS in the bi-static one.

(1) 2 targets (8 experiments): 2 metal cylinders are placed at dif-
ferent distances from the system, ranging from 1.5 to 5 m. The
inter-target distance is changed from 30 cm to 60 cm.

(2) 3 targets (5 experiments): 3 metal cylinders are placed at dif-
ferent distances from the system, ranging from 2 to 5 m. The inter-
target distance is changed from 30 cm to 60 cm.

(3) Resolution limit test (3 experiments): 2 metal cylinders are
placed at 17.2, 10.1, and 3.1 cm inter-target distance, to evaluate
the maximum resolution achieved by HiSAC. The distance of the
second target from the TX is 2.78 m.

(4) Changing angle (5 experiments): 2 metal cylinders are placed
about 2.5 m from the TX with 33 cm inter-target distance. We
change the angular location of the targets in different experiments

Targets

TX 1 - 2

RX 1 - 2

(a) Bi-static setup of subsystems 1 and 2.

HiSAC 
Platform

(b) Human sensing.

Figure 6: Experiments in the bi-static setting and with static subjects.

among −30◦,−15◦, 17◦, 30◦. In each, experiment, we change the
antenna beam pattern used by the TX to point at the targets. This
scenario is of high practical interest since pilot signals in ISAC
systems (e.g. SSBs) are often beamformed in different directions.

(5) Bi-static scenario: This group of experiments is performed
in a bi-static scenario with a distance of 3.24 m between the TX
and the RX. 2 metal cylinders are placed close to each other so that
the segments connecting the TX to the target, and the target to
the RX form a 90◦ angle (bi-static angle). The inter-target bi-static
distance changes in different experiments from 3.5 cm to 8.9 cm.
This scenario is particularly challenging since the nominal ranging
resolution in the bi-static case is degraded by a factor of 0.7 due to
the 90◦ bi-static angle, as shown in Section 2.2.

(6) Human localization and tracking: A final group of experiments
is performed with human targets, to demonstrate the effectiveness
of HiSAC on weaker multipath components with respect to metal
reflectors and its robustness to movement. These involve (i) 2 static
subjects standing at 2.30 and 2.64 m from the TX as shown in
Fig. 6b, (ii) 2 moving targets walking back and forth from 3 to 1 m
from the TX (in this case, the inter-packet time is reduced to 5 ms).
Experiments involving people have been carried out in compliance
with the IRB of our institute and do not disclose information about
the subjects.

Baselines for comparison. Since HiSAC is the first method
to perform multiband ISAC, we design the baseline methods de-
scribed in the following. Note that [24], which is the closest prior
work, is not suitable for comparison since (i) it is based on a deep
neural network trained on sub-6 GHz signals so that it would need
extensive data collection and retraining on our implementation,
(ii) it uses a channel hopping scheme to collect CFR samples that is
specific to sub-6 GHz Wi-Fi and does not apply to 5G-NR.

Laser telemeter. We collect ground truth distance measurements
of the targets using a laser telemeter, mounted on the TX-RX an-
tenna front-end.

Full band. We collect CFR measurements over an equivalent
bandwidth to the full band of interest and use OMP to obtain tar-
get distance estimates. This is a benchmark to assess how close
HiSAC gets to the performance of a wideband ISAC system with a
bandwidth equal to its total virtual bandwidth.

Contiguous band. We collect CFR measurements over a contigu-
ous region of the spectrum with a bandwidth equal to the real
bandwidth of HiSAC, which includes only the subcarriers in which
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Figure 7: HiSAC results in the CA-C1/C2 setting. We report the ranging RMSE and the FRT in experiment groups (1)-(3).

the channel is measured. OMP is then used to obtain distance esti-
mates.

SpotFi-based HiSAC (SpotFi-HiSAC). To demonstrate the effec-
tiveness of HiSAC’s algorithm to achieve phase coherence across
subbands, we design a competitor algorithm that uses SpotFi’s ap-
proach, [18], to perform this task. SpotFi first extracts the phase
of the CFR in each subband, representing it as a function of the
subcarriers, and applies phase unwrapping to remove the wrapping
around 2𝜋 . Due to the linearity of the phase as a function of path
delays, as can be seen from Eq. (1), a linear model can be fit to the
unwrapped CFR of each subband. Then, the phase offsets are re-
moved by applying a linear transformation to the phase of the CFRs.
The parameters of the transformation are obtained by matching
the slopes and intercepts of the linear models across subbands.

To fairly compare the effectiveness of the phase offsets compensa-
tion algorithm, we keep the rest of the delay estimation process the
same as in HiSAC. This step is necessary since the original SpotFi
uses the MUSIC algorithm to estimate delays, it can not handle non-
contiguous subbands. Hence, SpotFi-HiSAC is an improvement of
the original SpotFi that can be applied to non-contiguous subbands.
Specifically, SpotFi-HiSAC applies, in order: the intra-subsystem
OMP-based reconstruction from Section 4.1, the SpotFi phase off-
sets removal step, based on line fitting, and the multiband fusion
step from Section 4.3.

Evaluation metrics. We adopt two main metrics to evaluate
HiSAC. The first one is the Root Mean Squared Error (RMSE) in the
distance estimation, computed with respect to the laser telemeter
distance measurement. RMSE can only be computed for the targets
that are detected by the algorithm, and it is undefined for unre-
solved targets. Therefore, we introduce a second metric which we
call Fraction of Resolved Targets (FRT). This represents the fraction
of targets that an algorithm can resolve, i.e., detect correctly, with
respect to the total number of targets resolved by the full band base-
line. We consider a target to be correctly detected by an algorithm
if this outputs a target distance sufficiently close, i.e., closer than
the minimum inter-target distance in the experiment, to the laser
telemeter ground truth distance for that target. The two metrics
should be jointly considered in each evaluation since an algorithm
may yield a very low RMSE but have low resolution, which means it
is not exploiting the increased bandwidth. Conversely, an algorithm
could have high resolution but poor accuracy, giving a high RMSE.

6.2 In-depth evaluation
In this section, we evaluate HiSAC in the three use cases from
Section 2.1, using the experiments from Section 6.1.

Carrier Aggregation. We start our evaluation with the carrier
aggregation scenario, combining multiple 5G-NR channels with
100 and 400 MHz bandwidth. We assume that in this case the CFR
is estimated over the full channels, similar to using DM-RS pilots
that span the full bandwidth [47]. We consider two configurations
with 2 subsystems:

(i) Configuration 1 (CA-C1), including 4 subbands with an effec-
tive bandwidth of 400 MHz and a virtual bandwidth of 2.01 GHz.
The first two subbands belong to subsystem 1, while the second two
to subsystem 2. The starting frequencies of the subbands relative
to the first one are {0, 0.19, 1.63, 1.91} GHz, while their bandwidths
are all equal to 100 MHz;

(ii) Configuration 2 (CA-C2), including 5 subbands with an effec-
tive bandwidth of 800 MHz and a virtual bandwidth of 3.46 GHz.
The first three subbands belong to subsystem 1, while the second
two to subsystem 2. The starting frequencies of the subbands rel-
ative to the first one are {0, 0.19, 1.2, 2.88, 3.36} GHz, while their
bandwidths are {0.1, 0.1, 0.4, 0.1, 0.1} GHz.

The main challenge in the carrier aggregation scenario is to effec-
tively combine subbands that are widely separated in the spectrum.
Fig. 7 shows the RMSE and FRT obtained by HiSAC in experiment
groups (1)-(3) with the carrier aggregation use case. The horizontal
dashed line represents the average RMSE obtained using the full
band CFR. With CA-C1, HiSAC achieves accurate ranging with an
average RMSE below 15 cm in all the experiments. The case with 3
targets gives the highest average RMSE due to the higher complex-
ity of the multipath environment. The contiguous bandwidth and
SpotFi-HiSAC yield comparable or worse RMSE. This proves that
HiSAC gains ranging accuracy thanks to the increased virtual band-
width and outperforms SpotFi’s method to achieve phase coherence.
In terms of FRT, HiSAC provides significant gains. In the resolution
limit test, the contiguous band is unable to resolve the targets (0.5
FRT), while HiSAC gives 0.93 FRT. With CA-C2, the overall per-
formance in terms of RMSE and FRT on 2 and 3 targets improves
for all methods due to the wider virtual bandwidth. However, only
HiSAC significantly benefits from such increased virtual bandwidth
when considering the resolution limit test, achieving higher FRT
compared to CA-C1, while other methods perform slightly worse.

Bandwidth Part. Next, we analyze a bandwidth part scenario,
where we combine multiple CFR estimates obtained by a 5G-NR
system using SSB signals, spanning 240 subcarriers in the middle
of the operating channel. Note that here the bandwidth of each
subband is significantly lower than in the carrier aggregation case
since the CFR is measured only on a fraction of the total commu-
nication channel. Specifically, using 240 KHz subcarrier spacing,
which is reasonable at mmWave frequencies, the bandwidth of each
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Figure 8: HiSAC results in the BWP-C1/C2 setting. We report the ranging RMSE and the FRT in experiment groups (1)-(3).

SSB is 𝐵𝑖,𝑠 = 57.6 MHz. We consider two different configurations
with 2 subsystems:

(i) Configuration 1 (BWP-C1), including 4 subbands with an effec-
tive bandwidth of 460.8 MHz and a virtual bandwidth of 1.267 GHz.
The first four subbands belong to subsystem 1, while the second four
to subsystem 2. The starting frequencies of the subbands relative
to 𝑓0 are {0.02, 0.12, 0.22, 0.32, 0.91, 1.01, 1.11, 1.21} GHz;

(ii) Configuration 2 (BWP-C2), including 5 subbands with an ef-
fective bandwidth of 230.4 MHz and a virtual bandwidth of 1.267 GHz.
The first two subbands belong to subsystem 1, while the second two
to subsystem 2. The starting frequencies of the subbands relative
to the start of the full band are {0.02, 0.12, 0.91, 1.01} GHz.

We stress that, as required by bandwidth part operation, each
channel estimate in different subbands is obtained at a different time
instant, with an inter-packet time of 50 ms. Hence, the spectrum
occupied at each time instant is just 57.6 MHz. An example result
on BWP-C1 is shown in Fig. 9, reporting the CFR (above) and
the squared magnitude of the CIR (below). The main challenge
in the bandwidth part scenario is to combine narrow available
subbands due to the use of unmodified SSB pilot signals. Fig. 8
shows the RMSE and FRT obtained by HiSAC in the experiment
groups (1)-(3) with the bandwidth part use case. With BWP-C1,
HiSAC outperforms the other approaches. Note that with 3 targets
it achieves a slightly higher mean ranging error with respect to the
contiguous band (2 cm), but resolves a higher fraction of targets
by 0.1. BWP-C2 represents a very challenging scenario due to the
sparsity of the available spectrum (amounting to 18% of the virtual
bandwidth) and to the narrow subbands used. In the resolution
limit test, the contiguous CFR method fails in resolving the targets
and has a large ranging error, while HiSAC achieves 11 cm average
error and resolves 67% of the targets on average, with a resolution
gain of 13% over SpotFi-HiSAC.

Cross-technology evaluation. To demonstrate the flexibility
of HiSAC, we evaluate it in a cross-technology scenario where we
combine a 400 MHz 5G-NR OFDM channel, with carrier frequency
59.69 GHz, with a 1.76 GHz IEEE 802.11ay SC channel (WiGig)
with carrier frequency 62.64 GHz. The virtual bandwidth in this
configuration is 4.03 GHz, while the available one is 2.16 GHz.
Note that, in SC systems, the CIR is estimated directly via cross-
correlation with the transmitted pilot signals. Therefore, before
applying HiSAC, we convert the IEEE 802.11ay CIR into the CFR
using a DFT. In Fig. 10, we show the RMSE and FRT results in
the cross-technology scenario. As a comparison, we use the targets
detected by the peaks of the CIR estimated by a single IEEE 802.11ay
channel. HiSAC obtains extremely accurate ranging with an average
RMSE of at most 5 cm (3 targets), whereas the single channel has a
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Figure 9: Example HiSAC results in BWP-C2. The top plot shows the subbands
after coherency has been achieved and the reconstructed HiSAC CFR. The
bottom plot shows the CIR squared magnitude.
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Figure 10: Cross-technology HiSAC results.
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Figure 11: HiSAC results changing target angle and transmission beam pattern.

worst-case RMSE of 15 cm. In terms of FRT, HiSAC gives an almost
identical resolution to the full bandwidth, with a worst-case FRT
of 0.95 with three targets.

Impact of angle and beamforming. ISAC systems apply beam-
forming to direct the signal towards the communication RX or
targets. HiSAC is robust to such changes in the direction of the
transmission, as demonstrated by our results in Fig. 11, obtained
on experiments group (4). The ranging RMSE remains below 15 cm
when changing the angle in [−30◦, 30◦]. The FRT does not change
significantly when changing the transmission angle, proving that
HiSAC accurately measures distances in different directions.

Bi-static setting. We evaluate HiSAC’s capability to estimate
the targets’ distances in a bi-static setting, using experiments from
group (5) and the BWP-C1/C2 configurations. Note that the full
band range resolution in this case is reduced toΔ𝑟 = 𝑐/(2𝐵 cos(𝜋/4))
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Figure 12: HiSAC results in a bi-static bandwidth part scenario.
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Figure 13: HiSAC results with human subjects using bandwidth part.

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time [s]

0.0

1.0

2.0

3.0

4.0

Ra
ng

e
[m

]

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time [s]

0.0

1.0

2.0

3.0

4.0

Ra
ng

e
[m

]

Figure 14: Tracking 2 subjects across time in the BWP-C1 scenario. We plot
the normalized CIR squared magnitude obtained from the reconstructed CIR
with the full band (left) and HiSAC (right). HiSAC’s resolution is comparable
to that of the full 1.2 GHz bandwidth.

≈ 17.5 cm due to the bi-static angle being 90◦. Fig. 12 shows the
RMSE and FRT obtained by HiSAC in the bi-static setting. These
results are comparable to those obtained in the mono-static setting
with a similar configuration, proving that HiSAC works when the
TX and RX are widely separated. Conversely, the contiguous CFR
can not resolve the targets with BWP-C2.

People localization. We test HiSAC on human subjects to
demonstrate its capability to resolve weaker reflections, using the
experiments from group (6). Fig. 13 shows the RMSE and the FRT.
These results are obtained using the BWP-C1 and C2 configura-
tions. HiSAC achieves 8 and 15 cm average RMSE with C1 and C2,
respectively. Moreover, the FRT gain that it provides with respect to
using the contiguous CFR is large: 0.25 using C1 and 0.17 using C2.
Note that SpotFi-HiSAC’s FRT with human subjects degrades much
more than HiSAC’s. Being based on an anchor path, our method
to achieve phase coherence is independent of the strength of the
target multipath component.

People tracking. Fig. 14 shows the CIR squared magnitude
across time obtained from the CIR estimated by HiSAC and with
the full band with 2 subjects walking back and forth. Peaks in the
CIR (in yellow) correspond to the subjects. Although HiSAC’s CIR
is noisier than that of the full band, its resolution, i.e., the capability
of distinguishing the two subjects across time, is comparable. The
bandwidth used by HiSAC in each time slot is only 57.6 MHz (20
times lower than the full bandwidth), i.e., 2.6 m resolution.
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Figure 15: Improvement due to the temporal aggregation (Alg. 1) on experi-
ments (3), Resolution limit, and (6), People, using BWP-C2.

Temporal aggregation improvement. Fig. 15 shows the RMSE
and FRT results obtained by aggregating HiSAC’s range estimates
over 2, 4, or 10 time slots using Alg. 1. This evaluation is carried
out on the most challenging scenarios we considered during the
evaluation, namely BWP-C2 and groups of experiments (3) and (6).
Our results demonstrate the effectiveness of temporal aggregation,
which improves RMSE by around 30% and FRT by up to 0.25 with
respect to single-slot HiSAC.

7 RELATEDWORK
Super-resolutionwireless sensing. Subspace-based super-resolution
methods [19] and compressed sensing [10] are widely used in radar
and ISAC, but are still limited by the transmission bandwidth. Some
of their recent applications to ISAC are found in [28, 63]. Other
approaches have employed the spatial diversity of the RX array [65]
to perform high-resolution imaging in the mmWave band, but they
can not be applied to low-cost systems with a single RF chain such
as analog beamforming systems. In [31, 44], a novel approach is
introduced to apply distributed Synthetic Aperture Radar (SAR)
techniques to vehicular sensing systems. This approach boosts the
resolution by combining distributed devices, thus requiring multi-
ple cooperating nodes. HiSAC instead reuses the frequency diversity
of communication systems without additional requirements. No-
tably, HiSAC could be combined with any of the above techniques
to enhance their resolution.

Multiband radar sensing. Multiband sensing has been studied
in the radar literature. [8] has first proposed bandwidth interpo-
lation between two subbands to increase ranging resolution via
Auto-Regressive (AR) modeling and non-linear optimization. Other
works have followed a similar research direction adopting different
algorithms for combining the subbands [11, 13, 46, 48, 56, 66, 69].
The above works are based on radar systems with optimized chirp
waveforms using wide individual subbands. This significantly sim-
plifies the problem with respect to an ISAC setting where CFR
estimates are not under control and can be very narrow, making
radar approaches underperform. To solve this problem, HiSAC in-
novates with a progressive combination of subbands over coherent
subsystems first, and then over the full band of interest.

OFDM-basedmultibandprocessing. Several works have demon-
strated that combining multiple frequency bands can boost the
resolution of OFDM systems in active localization. In [18, 55, 57],
SpotFi, Splicer, and ToneTrack are presented, which combine (stitch)
multiple contiguous or overlapping Wi-Fi subbands to increase the
multipath resolution. They use linear fitting of the unwrapped
phase to eliminate phase offsets, which leads to errors when used
on non-contiguous, narrow subbands spanning several GHz. Other
Wi-Fi-based approaches [16, 17, 49] have tackled the same problem
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but rely on a handshaking process between TX and RX to eliminate
phase offsets, which does not apply to passive sensing in ISAC. Sim-
ilarly, also the frequency hopping strategies used in [3, 6] require
the cooperation of the receiver node, which may not be available
in ISAC. [15, 35, 51, 52] propose alternative algorithms based on
maximum-likelihood. All these approaches target active localiza-
tion, in which the RX device is the localized target. HiSAC instead
localizes targets from backscattered reflections, as done by radars.

More recently, [50] has brought the research attention to ex-
ploiting multiband CFR to perform wideband radar-like ranging in
ISAC. To the best of our knowledge, the only system that tackles
this problem is UWB-Fi [24], in the sub-6 GHz unlicensed spectrum.
However, this system is based on a neural network that learns to
combine subbands and compensate for phase offsets. Changing
hardware, frequency band, or technology (OFDM vs SC) may re-
quire retraining the system which is time-consuming and requires
new data. Conversely, HiSAC does not require training and gener-
alizes to different implementations.

Cross-band channel prediction. A recent line of work has
investigated channel prediction in one frequency band from an
available channel estimate in a different band [1, 2, 7, 23, 29, 43].
This is typically done to avoid having to transmit feedback channel
information in downlink/uplink, thus reducing overhead. Although
the general idea of this problem is linked to the multiband setting,
predicting the channel in a different band is significantly different
from combining multiple non-contiguous incoherent CFR estimates
to increase the total system bandwidth. Moreover, the above works
focus on communication, hence the channel prediction is mostly
aimed at estimating SNR at the RX. Conversely, HiSAC is an ISAC
system that estimates fine-grained complex amplitudes and delays
of individual paths in the channel.

8 DISCUSSION AND LIMITATIONS
Sensing over very large bandwidth. HiSAC can aggregate sub-
bands over regions of the spectrum spanning several GHz. However,
aggregation between very far frequency bands (e.g., sub-6 GHz and
mmWave) is not feasible, since the frequency-dependency of the
scattering coefficients of the different paths would become non-
negligible and prevent coherent aggregation. Future research in
this direction is key to truly exploit the multiband potential.

Impact of the scattering angle. The phase of the scattering
coefficients 𝛼𝑙 (𝑡) in Eq. (2) is assumed to be approximately constant
for all subsystems. This assumption holds for isotropic targets or if
the scattering angle is similar across subsystems [31]. This assump-
tion is reasonable for ISAC BSs and APs that are typically clustered
on the same antenna poles. Combining spatially diverse subsystems
across multiple bands will be investigated in future work.

Impact of narrow subbands. In the limit case in which each
HiSAC subsystem estimates a single very narrow subband, recon-
structing a subsystem-wide CFR model could be challenging. If
targets are too close to the TX, the CFR may not oscillate fast
enough to have sufficient information about the path delay in the
narrow subband. This is a challenging problem that requires further
investigation.

Impact of Doppler. The impact of Doppler on subbands combi-
nation remains unexplored in ISAC. Due to its variation with carrier

frequency, Doppler introduces a path- and subsystem-specific phase
shift on the CFR which may degrade the subbands combination.
HiSAC is sufficiently robust to this phenomenon as shown in Sec-
tion 6.2. However, further investigation of this aspect is required.

9 CONCLUSION
The problem of achieving range super-resolution in ISAC systems
with narrow and discontinuous subbands is addressed in this paper.
To solve it, we present HiSAC, a general signal-processing method
for coherent multiband ranging that enhances the resolution of
existing communication systems by only reusing channel estimates
obtained via pilot signals. Our approach does not rely on specific
hardware or protocol and works across different communication
technologies (i.e., 5G-NR or IEEE 802.11ay). Our extensive experi-
ments with objects and humans demonstrate that HiSAC enhances
the resolution by up to 20 times compared to single-band processing,
occupying the same bandwidth in each time slot.
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