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PackqulD: In-packet Liquid Identification Using RF Signals
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There are many scenarios where the liquid is occluded by other items (e.g. books in a packet), in which existing RF-based liquid
identification methods are generally not suitable. Moreover, status methods are not applicable when the height of the liquid
to be tested changes. This paper proposes PackquID, an RF-based in-packet liquid identification system, which can identify
liquid without prior knowledge. In dealing with the obstruction of other items and the unknown container, we utilize a
dual-antenna model and craft a relative frequency response factor, exploring the diversity of the permittivity in the frequency
domain. In tackling the variable liquid height, we extend our model to 3D scope by analyzing the electric field distribution
and solving the height effect via spatial-differential model. With 500 pages of printer paper obscured, PackqulD can identify 9
common liquids, including Coca-Cola and Pepsi, with an accuracy of over 86% for 4 different packets (canvas bag, paper bag,
backpack, and box) and 4 different containers. Nevertheless, PackquID can still identify liquids with an accuracy rate of over
87%, even when the liquid height changes from 4 cm to 12 cm.
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1 INTRODUCTION

Liquid identification has a wide range of application scenarios, such as subway security inspections and large
gatherings to detect whether participants are carrying flammable liquids. Traditional identification methods
usually require expensive specialized equipments, such as spectrometers [6, 14, 16, 42, 46], which accurately
inconvenient to deploy. As a result, these methods are not suitable for ubiquitous liquid testing, whose potential
application scenarios range from monitoring daily nutrition intake from drinks, identification of fake luxury
perfume, detection of water contamination in countries with limited sanitary water facilities, safety inspection in
public transportation, in-home urine testing to track disease progression, etc [26].

For easy deployment, recently, a lot of meaningful work [15, 24, 25, 45, 58, 59, 63] based on the IoT (Internet of
Things) devices, such as RFID, WiFi, and millimeter-wave radar, have been proposed. These pioneering studies
reduce the deployment cost of liquid identification systems but have the following limitations in identifying the
liquids placed in a packet. Due to the occlusion of the packet or other items (e.g. books), many excellent but LoS
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path-based (such as camera-based) or contact-based methods are no longer applicable. For example, CapCam [67]
uses the smartphone’s camera to capture the ripples when the liquid vibrates to identify the liquid. But many
packets are opaque, which makes it difficult for us to capture the ripples of the liquid through the camera.
Vi-Liquid [26] uses a smartphone attached to the container to obtain viscosity to identify liquids, which is
difficult to deploy for in-packet liquid identification. TagTag [63], RF-EATS [24], mSense [60], FG-LiqulID [37],
and OSL [59] use RFID or millimeter wave radar to obtain the signal reflected on the surface of the material to
identify the liquid. For a bottle of liquid placed in the packet, it is not easy to obtain the signal reflected by the
container. TagScan [58], LiquID [15], and WiMi [19] analyze the changes in amplitude and phase after the signal
is transmitted through the dielectric to complete the material identification. These methods have the opportunity
to achieve non-contact liquid sensing in the context of NLoS, but they require prior knowledge (e.g. material and
width of the container) of the channel, which is difficult to satisfy because the relative position of the items in the
packet and the information of the container (material, shape, etc.) are complex and changeable. Furthermore, none of
these works take into account the height change of the liquid. However, both being consumed and the container
tilted will cause the liquid height to change.
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Fig. 1. The three goals that the system needs to achieve: storage freedom, placement freedom, and holding freedom.

In this paper, we propose PackquiD, a ubiquitous RF system capable of identifying the liquid inside the packet.
Specifically, PackquID has three desirable priorities:

o Storage freedom. Different people have different travel purposes or multiple preferences for different packets,
which means that the packets use to store cups (or drink bottles) are diverse. On the other hand, besides
the container, people usually place some other items (e.g. books and clothes) inside the packet. PackqulD is
able to identify liquids without being affected by the packet and other items.

o Placement freedom. Everyone has their own placement habits, which makes the placement of items in
the packet vary from person to person. In addition, the container placed in the packet may be tilted,
which increases the number of placement situations. PackqulD can accurately identify liquids in different
situations.

o Liquid freedom. On the one hand, different people prefer different containers, which makes for a wide
variety of containers that are used to hold liquids. On the other hand, the liquid height will be changed
when the liquid is drunk. And PackquID manages to identify the liquid independent of the container and
liquid height.

PackqulD’s feasibility for liquid identification stems from that wireless signals are attenuated differently in
different liquids [20, 29, 52]. We can use the attenuation factor of the liquid to construct features for recognizing
the liquids. However, there are three challenges that need to be solved first.
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(1) Unable to tell if the signal contains liquid information. Since we do not restrict the relative position of the
liquid in the backpack to other items (placement freedom), it is difficult to determine where the transmitting
and receiving antennas are placed so that the RF signal will pass through the liquid.

(2) Other items interfere with the extraction of liquid features. In an RF link, the strength of the received signal is
affected by many factors, including the type of dielectric, the transmission distance, the degree of refraction on
the interface of different dielectrics, and etc. [20, 28, 29, 34, 55] However, since we do not know in advance what
(e.g. containers, books, etc.) is put in the packet (storage freedom) and how they are placed, the transmission
distance of the signal in the liquid (the width of the container), the degree of refraction in the transmission
process and the degree of attenuation in other items are unknown, which makes it is difficult to directly compute
the value of the attenuation factor.

(3) Liquid height affects feature extraction. Conventional wireless channel models (e.g. CSI model [62]) may need
the liquid is higher than the antennas for liquid recognition. Otherwise, only a portion of the electromagnetic
wave reaching the receiving antenna passes through the dielectric, which makes the strength of the received
signal related to the height of the dielectric. As a result, the liquid feature constructed with signal attenuation
will vary with liquid height. However, both the liquid being drunk and the tilting of the container will cause a
change in the height of the liquid. For holding freedom, we need to remove the signal difference due to the
change in height, but the height of the liquid and the antennas are all unknown to us.

Our solutions. The key idea comes from the fact that the complex permittivity of different dielectrics has
different trends with frequency.

Firstly, based on the attenuation factor, we build an RF-based dual antenna model (Sec. 5.1), which help us
remove the influence of factors (such as the antenna gain) independent of transmission distance. Noting that the
attenuation factors of solids varies less with frequency than that of liquids [8, 9, 35], we calculate the difference
in amplitude of signals at different frequencies to identify whether the signal passed through the liquid (Sec. 5.2).

Secondly, since the attenuation factor of the solid varies very little with frequency, we use the method of
differential signal difference of different frequencies to eliminate the influence of other items. Benefiting from the
fact that the attenuation factor of the liquid varies significantly with frequency [32, 33], we extract the relative
value of the attenuation factors from the signal at multiple frequencies, which is independent of the container
width. Based on the above two points, we construct the relative frequency response factor as a feature to identify
the liquid (Sec. 5.3).

Thirdly, to remove the effect of height, we model the transmit and receive antennas as thin straight antennas
instead of a point. Combining the distribution of the electric field in space, we extend the model to establish
a functional relationship between the received signal strength and the dielectric height (Sec. 5.4). When the
transmitting antenna is moved a small distance, the electric field below the liquid level will change. We extend
the dual antenna model so that it can use this difference to extract the relative frequency response factor. In
summary, we build a model-driven system to identify the liquid in the packet.

Contributions: The main contributions in PackquID summarise as follows:

e We design PackqulD, which can identify the type of liquid in a packet even if the material and width of the
packet, the type and placement of the items in the packet, the material and width of the container, and the
height of the liquid are all unknown.

e We build a dual-antenna model to remove the influence of factors independent of transmission distance.
Using the characteristic that the attenuation factor of liquids varies more with frequency than that of solids,
we devise a method to discriminate whether a liquid passes through the liquid, and construct the relative
frequency response factor as the liquid feature, which is independent of the transmission channel. Using
the electric field difference when the spatial position of the transmitting antenna changes, we extend our
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model from 2D to 3D, which allows PackquID to recognize the liquid independently of the height of the
liquid and the antennas.

e We test PackquID on 9 common beverages, and the accuracy rate of liquid recognition is more than 99.25%.
In Sec. 6.2.2 we conduct the tests on storage freedom. We use 4 different kinds of packets and put clothes,
books, etc. in the packet, and PackquID still has an accuracy of more than 89% in identifying liquids. In
Sec. 6.2.3 we conduct the tests on placement freedom. When the position of the items in the packet are
different, and the container types are different (5 types are tested). In Sec. 6.2.4 we conduct the tests on
holding freedom. When the liquid height changes from 4 cm to 12 cm, the average accuracy of liquid
recognition exceeds 87%.

The rest of the paper is organized as follows. In Section 2, we present the background of the attenuation factor,
complex permittivity, and antenna. In Section 4, we introduce the components of our system. We detail how to
identify whether the signal has passed through the liquid, the method of obtaining liquid features, and how to
identify liquids without being affected by the height in Section 5. In Section 6, we present several case studies to
evaluate our system. We discuss the related work in Section 7.

2 PRELIMINARIES
2.1 Attenuation Factor

The energy of electromagnetic waves attenuates when traveling through a dielectric. We use the attenuation
factor, @, which is defined as the width of the material needed to decay the strength of the electromagnetic field
to 1/e = 0.368 of its original value, to describe the attenuation of the electromagnetic field [20].

2r | € e’
0{27 E( 1+(?)2—1) (1)

where A is the wavelength of electromagnetic waves in the vacuum. ¢’ and €’ are the real and imaginary parts
of the complex permittivity of the liquid, respectively. The attenuation factor depends only on the complex
permittivity of the liquid, which can be used to build a feature to identify the liquids (Sec. 5.3).
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2.2 The Relationship between Complex Permittivity and Frequency

The value of the permittivity generally depends on the frequency at which the sample is radiated. The relation-
ship between the permittivity and the frequency of a dielectric is related to the polarization properties of the
molecule [23]. Suppose there are n; electrons in a molecule with frequency w; and damping y;. If there are N
molecules per unit volume, then the complex polarization, P, is

. NqZ _ n:
P:—mE(Z—z_ L ) (2)
— wj - —iyjo
As a result, the relative complex permittivity of the dielectric can be expressed as
qu n;
G=ld—0—y — L 3
" meonjz.—wz—iyja) ®

J

Common liquids such as water and wine are more polar than paper (vegetable fiber) and cloth. Therefore,
when the frequency changes, the complex permittivity of the liquid changes more significantly. With the complex
permittivity [4, 8, 11, 39, 65], we calculate the attenuation factors for different liquids and solid media by Equ. 1,
and the results are shown in the Fig. 2. Based on this property, we devise a method to discriminate whether the
signal passes through the liquid (Sec. 5.2).

2.3 The Relationship between Signal Strength and Electric Field Distribution

Since the attenuation of the electromagnetic wave is different when it transmits in air and other dielectrics (e.g.
liquid and books) [7, 27], the difference in dielectrics height will lead to different signal strength. For removing
the influence of the height, we need to know the relationship between the signal strength and electric field
distribution.

As shown in 3, with an electric field E in the y direction, a linearly polarized plane wave is incident on the
antenna from the x direction. On the differential element at y,, the induced voltage caused by the incident wave
is given by [34, 36, 44]:

dv = Ef (yo)dy 4)
where f(yo) is the value of the induced current on the differential element. As a result, the signal strength is the
integral of dV:

h/2
V= / Efwdy 5)

h/
where h is the height of the receiving antenna.
Using this integral relationship, we extend our signal model to remove the effect of dielectric height (Sec. 5.4).

3 PRE-EXPERIMENTS

We analyze the effect of different packages, items, containers, and liquids on the signal amplitude. We use a
signal generator (KEYSIGHT E857D) and a spectrum analyzer (KEYSIGHT N98938B) to test the effect of different
materials. In particular:

o The degree of attenuation of a signal after passing through a solid does not vary with frequency. Figure 4a
shows the ratio of received signal amplitudes in the presence and absence of an item in the RF link. We find
that when the frequency of the signal changes, the attenuation of the signal remains basically the same.

o Thinner items have less effect (less than 2%) on signal amplitude compared to thicker items such as 500-page
printer paper and notebooks. We believe the reason is that these items are poorly conductive and thin (e.g.
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Fig. 4. The effect of different items on signal attenuation. (a) When a signal passes through a solid, the attenuation does not
change with frequency. (b) The relative attenuation of different liquids has different trends as a function of frequency.

container walls are typically less than 3 mm). Therefore, we can use the dual antenna ratio method to
eliminate their effects.

o When the frequency is changed, the change trend of the signal attenuation in different liquids is different. We
use a plastic container with a width of 4 cm to hold the liquid. We test 8 common beverages. The results
are shown in Fig. 4b. We find that different liquids have different changes in the decay trend, which gives
us the opportunity to distinguish different liquids.

o In addition, our signal is severely attenuated when passing through metal. We test it with a laptop (Surface
pro 8), and the amplitude of the signal after passing through the laptop is less than 1/15 of the original.
This makes our system not work well when there is a laptop in the backpack or the container is metal.

4 OVERVIEW

We use a transmitting antenna that can move up and down and two receiving antennas of the same model to
form a wireless transmission system to identify liquids. The flow chart of the system work is shown in Fig 5. For
a packet to be tested, we first need to determine where the liquid is. We divide the packet into M distinct regions
and then look for the regions most likely to have liquid. Since we don’t know the height of liquids and other
items and whether the container is tilted, we first remove the effects of height and tilt after receiving the signals.
For signals that contain liquid information and are independent of height, we extract relative attenuation factors
as features to identify liquids.

For the convenience of description, we start with the basic situation without considering the liquid height,
establish the signal transmission model (Sec. 5.1), the method to detect the liquid position (Sec. 5.2) and how
to construct the features only related to the liquid (Sec. 5.3). We then extend the transmission model to make
it independent of height by analyzing the distribution of the electric field (Sec. 5.4). At the end, we present the
details of our data preprocessing (Sec. 5.5).

Liquid position detection. The intensity of the received signal is affected refraction at the interface of different
dielectrics, signal attenuation in dielectrics, and device effects. But some factors have nothing to do with the
transmission distance (such as the gain of the antenna), we combine the two antenna signals to remove them
(Sec. 5.1). In order to identify whether the received signal has passed through the liquid, we divide the placement
of the items and liquid into two cases according to the relative positional relationship. Noting the fact that the
attenuation factor of liquids varies more with frequency than that of solids, we emit electromagnetic waves
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Fig. 5. Overview of the system.

of different frequencies and calculate the Fano factor [17] of the signal strength with respect to frequency to
determine whether the signal has passed through the liquid (Sec. 5.2).

Liquid feature extraction. Benefiting from the fact that the attenuation factor of solids varies slowly with
frequency, we use the differential of signals at different frequencies to eliminate the attenuation caused by
solid dielectrics in RF links. Benefiting from the fact that the attenuation factor of the liquid varies significantly
with frequency, we construct the relative frequency response factor as a feature to identify the liquid, which is
independent of the width of the container (Sec. 5.3).

Liquid height independence. We construct an electric field distribution model and control the transmitting
antenna to rise a certain distance with a motor. Having sliced the data, we use the difference in the electric field
caused by the displacement of the transmitting antenna to remove the effect of the height (Sec. 5.4).

Data preprocessing. We process the data collected from the two receiving antennas separately. The data is first
filtered and smoothed to suppress noise signals such as thermal noise. Then the signal detection is performed to
determine the time when antennas have been placed. Then a segment of the signal is intercepted to recognize
the liquid.

5 SYSTEM DESIGN
5.1 Signal Transmission Model

For extracting the attenuation factor information from the signal strength to identify the liquids, we establish a
transmission model of the signal.

Fig. 6a shows an RF signal passing through a packet that contains liquids and other items (e.g. books). In the
process of transmission, there are three factors affect signal strength:

o Transmission loss in dielectric transmission. As the distance the signal travels in a dielectric (such as liquid)
increases, the signal strength decreases, and the rate of attenuation can be described by the attenuation
factor, a.

® Refraction loss. When electromagnetic waves are transmitted to the interface of two different dielectric
(such as air and packet), they will be refracted and reflected, and part of this energy can be transmitted to
the new dielectric [21, 41, 43], which can be described by transmission coefficient, y.

o Equipment factors, such as the gain of the antenna and AGC (automatic gain control).
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Basic model. As a result, when we send a signal with strength Ry, The strength of the received signal is given
by [15, 30]:

n
R=g(D) exp(~aydy) | | exp(~eid) T PRy (©)
i=1
where g(D) is the attenuation of electromagnetic waves in the air with the transmission distance. ¢; and d;
are the attenuation factor of liquid and the transmission distance in the liquid, respectively. ¢; and d; are the
attenuation factor of the i-th solid dielectric and the transmission distance in this dielectric, respectively. I' is the
product of the transmission coefficients across the interfaces, including the air-packet interfaces (yo—q, Yg—a)s
the air-container interfaces (y,—¢, Ye—a), and etc. n is the number of solid dielectrics. And P is the factor caused
by equipments.
Dual RF link model. Noting that many of the variables (e.g. T') in Equ. 6 are independent of the signal transmission
distance, we remove their effects using a two-antenna model. Similar to the basic model, as shown in Fig. 6b
when we use two RF links simultaneously, the signal strengths received by the two receive antennas are:

n
Ry1 = g(Dy) exp(~ayd;') n exp(—a;d;' )T PRy
i=1
’,, (7
Rrz = g(Dy) exp(~aqd?) ]_] exp(—aid?)TPRy
i=1
where D; and D, are the transmission distances in the air of the two RF links, dl.r ! and dl.r ? are transmission
distances in the i-th solid dielectric of the two RF links.

Model analysis. Because the distance (more than 30 cm) between the transmitting and receiving antennas is
much larger than the distance between the two receiving antennas, we approximately think that D; = D,. Since
the dielectric interface and types of the equipment are the same for both links, the I and P are respectively the
same. In addition, we notice that the thickness of some solid dielectrics (such as container wall and packet shell)
is usually less than 3 mm. For these dielectrics, we think that dl.r I~ dirz. As a result, we can remove these same

factors:

R, =
AR =1 = exp(—a;Ady) 1_[ exp(—a;Ad;) (8)
Rr i=1

where Ad; = dlr1 - dlr2 and Ad; = dl.r1 - dir2 and m is the number of thick solid dielectrics.
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5.2 Liquid Position Detection

We use a system of one transmitting and two receiving antennas to identify liquids. But since many packets are
opaque, we don’t know where the liquid is placed. For liquid identification, when we receive an RF signal, we
first need to determine whether the signal contains liquid information.

Basic idea. Typically, in a packet, there are other items such as books and notebooks to the right (or left) and
back (or front) of the liquid. As shown in Fig. 7, we classify the relative positions of liquids and other items into
two cases and propose methods to extract signals with liquid information respectively.

(1) Left and right. As shown in Fig. 7a, we sometimes pack liquids and other items (e.g. books) side by side.
Without loss of generality, we assume that the liquid is on the left and other items are on the right. Since
the changing trend of the attenuation factor of liquid with frequency is more obvious than that of solid, we
use the difference of different frequency signals to obtain signals through the liquid.

(2) Front and rear. As shown in Fig. 7c, Sometimes larger items (e.g. notebooks) and liquids are placed one in
the front and one in the rear. Without loss of generality, we assume that the liquid is on the front. The
amplitude of the signal containing the information in the liquid (left) is smaller than that without (right) due
to the energy attenuation of the signal as it travels through the liquid, which makes it easy to distinguish
whether the signal has passed through the liquid.

Case 1: Left and right. When we send a signal with the frequency of f;, according to Equ. 8, the relative strength
of the received signal with liquid information on the left (AR[J;"l) and without liquid information on the right

(AR{;Z) are respectively by:

AR{:Z'I = exp(—afAdl)
S _ ©)
AR‘{:Z2 = l_[ exp(—alf’ Ad;)
i=1
where « is the attenuation factor, Ad is the distance difference between two RF links, and m is the number of
items.
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Having sent N different frequencies, [fi,. .., fy], we get two sets of signal strengths:
Sp1 = [ARS ARE . ARKY]
fi ARS i (19
Spe = [ARS, AR, .. ARSY]

We distinguish the two sets by the magnitude of the Fano factor [17], which is defined as W = "72 where
o is the standard deviation of S, and y is the mean of the S,. Fig. 7a shows the difference in the Fano factor
between these two types of sets. For the actual measurement, we run the packet across the RF links from left to
right. Using the pigeonhole principle [2], for a packet of width L, and a container of length L., we set a total of
M positions, where
LP
M= LL—J +1 (11)

c
In these positions, we collect signals and calculate their Fano factors, [W},l, e, %M]. The position with the
largest Fano factor is taken as the position of the liquid. As a result, the signal set with liquid information can be
given by:
S = [AR!,ARE .. ARM]
= [ARE ARE . ARIY], where Wy = max{Wp1, Wy ..., Wyu}
Case 2: Front and rear. As shown in Fig. 7c, when we send a signal with frequency of f;, according to Equ. 8, The

(12)

i

relative strength of the received signal with liquid information on the front (ARIJ;) and without liquid information

on the rear (ARfZ) are respectively by:

ARﬁl = exp(—otlﬂAdl) 1—[ exp(—afAdi)
= (13)

m
ARIJ;"2 = 1_[ exp(—alﬁAdi)
i=1
where « is the attenuation factor, Ad is the distance difference between two RF links, and m is the number of
items.

ARI{];”1 is more attenuated than AR;J?Z’ which helps us determine whether the signal has passed through the liquid.
Similar to the case 1, we set M (Equ. 11) different positions to get signals. For a frequency of f;, we think the
signal at the position, where the signal strength is smallest, passes through the liquid. For each frequency, we
calculate the position with the smallest signal strengths. And at the position with the most occurrences in the
results, the signal is considered to have passed through the liquid.

General situation. The more general case is that there are items around the liquid, we treat it as a combination
of case 1 and case 2. As shown in Fig. 7b, we use the pigeonhole principle to set M (Equ. 11) positions, first use
the difference in relative strength (AR) to exclude the posotions (from p; to ps in Fig. 7b) where liquid layer has
no items. Then, we use the difference in Fano factors (W) to select the posotions (from p; to pas in Fig. 7b) where
liquid layer has items. At this area, with N frequencies, the relative strength set, S;, which is used to identify the
liquid is:

S = [ARF,ARE ... ARM], (14)
where

AR{i = exp(—otlfiAdl) 1—[ exp(—afAdi) (15)

i=1
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In this way we can determine the location of the liquid in the packet, which makes liquid identification
independent of the relative position of the container and other items. As a result, we realize placement freedom.
We validate it in the Sec. 6.2.3.

5.3 Liquid Feature Extraction

As shown in Equ. 15, we obtain the relative signal strength, AR’ which contains the liquid information. We need
to build a feature to distinguish different liquids, but it is difficult to directly extract the attenuation factor, ;.
Based on the property that the attenuation factor varies with frequency, we design the relative frequency response
factor as a feature to help us identify liquids.

The challenge of extracting the attenuation factor comes from two aspects:

o The unknown width of the container makes the system of equations underdetermined. As shown in Equ. 8,
the attenuation factor o; and the container width Ad; are coupled together. If there are k different RF
links in the environment to construct k sets of equations, then there are k unknown variables Ad; and the
attenuation factor ¢y, for a total of k + 1 unknowns. This is an underdetermined system of equations that
cannot have a unique solution.

o Interference from solid items. As shown in Equ. 8, the relative signal strength (AR;) is affected by both liquids
and other solid items. But to us, the quantity (m) and material (affecting the attenuation factor «;) of other
items, and the relative transmission distance (Ad;) of the signal in these items are unknown.

Opportunities from attenuation factor variation with frequency:

(1) Extract the relative value of the attenuation factor. Although the signals of different frequencies can’t help
us obtain a system of positive definite equations, they give us an opportunity to obtain the relative values of
attenuation factors. Since the attenuation factor is different when the frequency is different [8, 20, 31, 50, 57],
for the same RF link, we transmit N different frequency signals, and we build a system of equations with N
different attenuation factors and one unknown container width, which make it is possible to obtain a set of
relative solutions.

(2) Eliminate "static" disturbances caused by solids with differential. The attenuation factor of solids varies
little with frequency while the attenuation factor of liquids varies significantly, which allows us to treat
the attenuation caused by solids as a static variable when frequency changes. This static variable can be
eliminated by using differences in relative signal strengths obtained at different frequencies.

Extract the relative frequency response factor. The attenuation factor of solid is stable with frequency, as a result,
we denote the attenuation factor of the i-th solid by a;:

al-:alflz---zafN (16)

1

With two RF links and N signals of different frequencies, we can get a set of relative signal strengths containing
the liquid information, S; = [AR{I, AR{2 el AR{N ], which is described by Equ. 15. When p # g,

m
AR{” = exp(—af’Adl) n exp(—a;Ad;)

= (17)
AR{C’ = exp(—a{qul) l_l exp(—a;Ad;)

i=1
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As a result, we can get an equation independent of Ad:

AR e
]p,qz Aqu :exp[_( 1 T Y )Adl] (18)

1
For (p,q) # (u,0),
() @ -

Pq _ = ! L (19)
we ln(]u,v) a{" — o[lf"
. _ rN.N-1 N N-1 3,1
When p, g, u, v change from N to 1, we can get the relative frequency response factor F = [KN Noz2 KN Koy ],

whose dimensions are ((g)), where (Z) = (n_"—k'),k,

Feature Screening. We use electromagnetic waves in four frequency bands 4.8 GHz, 5.1 GHz, 5.4 GHz, and
5.7 GHz, so a 15-dimensional feature can be extracted. We are using 8 different liquids, including Pepsi, Master
Kong Ice Black Tea (a tea beverage), Coca-Cola, Master Kong Green Tea (a tea beverage), orange juice, peach
juice, water, and Sprite as the test solution to collect 50 sets of data independently. Then calculate the variance of
each dimension feature. For us, the dimension with better stability is selected as the final liquid feature.

As a result, we can extract the liquid feature without being affected by packet material and other items, which

means we achieve storage freedom for liquid identification. We describe the tests associated with it in Sec. 6.2.2.

5.4 Liquid Height Independence

In previous sections, we introduce methods for identifying liquids using RF signals to construct relative frequency
response factors. However, it is not applicable to the situation where liquid or solid items are below the antennas.
The reason is that the total induced voltage strength on the receiving antenna is related to the surrounding
electric field distribution, and the height of the liquid or solid items will affect the electric field distribution. In
order to eliminate the influence of height, we build a model of the electric field distribution in space. With the
electric field change caused by the displacement of the transmitting antenna, we extract the relative intensity
independent of height, which extends the applicability of our model from 2D to 3D.

The difference in height causes the difference in the distance that the signal travels in the dielectrics, which causes
the difference in the distribution of the electric field around the antenna. Without loss of generality, we define
the z-axis to be parallel to the antenna. At this time, the transmission distance of the signal in liquid and i-th
solid item is represented by two functions related to z, d;(z) and d;(z), respectively. There are two situations in
which the height of the dielectric affects the transmission distance:

o Liquid dielectric. As shown in the left part of Fig. 8, the height of the liquid contained in an inclined container
is smaller than that of the antenna. There are three cases for the value of signal transmission distance,
d;(z). (i) 0. In the part where there is no liquid (above the dashed line c), the signal is equivalent to passing
through a liquid of width 0. (ii) d?. Between the dashed lines b and c, the distance the signal travels in the
liquid is a z-independent value, d}, which depends on the container width and inclination angle. (iii) d7. In
the part where the liquid level is inclined (for example, between the dotted lines a and b), the transmission
distance of the signal varies with z.

o Solid dielectric. The right part of Fig. 8 shows the situation of the i-th solid dielectric contained. There are
two cases for the value of signal transmission distance, d;(z). (i) 0. In the part where there is air (above the
dashed line b), the signal is equivalent to passing through a solid dielectric of width 0. (ii) d?. Between the
dashed lines a and b, the distance the signal travels is a z-independent value, d?, which depends on the
solid width and its inclination.
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Distribution model of the electric field. As shown in Fig. 8, similar to Equ. 8, the transmitting antenna emits
a beam of electromagnetic waves with an electric field strength E, at z, then when the electromagnetic wave
reaches the receiving antenna, the electric field strength E(z) is given by:

M
E(z) = g(D)exp(—adi(z)) 1_[ exp(—a;d;(z))TPEy (20)
i=1
where g(D) is the transmission distance of the signal in air, dj(z) is the distance the signal travels in liquid, d;(z)
is the distance the signal travels in solid, a; is the attenuation coefficient of liquid, «; is the attenuation coefficient
of i-th solid dielectric, M is the number of solid dielectrics, P is the impact of equipment, and I is the product of
the transmission coefficients across the interfaces.
Signal transmission model in 3D. The received signal strength R can be regarded as the integral of the induced
voltage on the antenna. Assuming that the magnitude of the induced voltage is proportional to the induced
current and the electric field is distributed in the plane 0 and z = H directly, we can get:

H
R(0) = /0 E(2)f(2)dz (21)

where f(z) is the distribution of induced current on the antenna, which is related to the type of antenna and the
wavelength of the signal, and H is the height of the antenna.

Signal differential to eliminate height effects. When zj is less than the height h; of the liquid, the transmission
distance of the signal in the liquid varies continuously with z,. For a differentiator Ah, we approximate that
di(zo + Ah) = dj(z¢). Similarly, for the i-th solid dielectric, d;(zo + Ah) = d;i(zp). When the transmitting antenna
is displaced upward by zy, the electric field is distributed in the plane z = 0 and z = H directly, we can get:

H
R(zo) = / E(2)f (2)dz (22)
and

zo+Ah
dR(zy) = R(zo + Ah) — R(zg) = / E(2)f(z)dz

M (23)
= g(D)exp(~ady(20)) | | exp(~aidi(z0))TPEoAR

i=1
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When we consider two RF links,

M
dRy1(20) = g(D1)exp(—a]'di(z0)) 1—[ exp(—a]'d;(20))TPEyAh

i=1

(24)
M
dRy3(20) = g(Dy)exp(~aj2di(20)) | | exp(~af?di(z0)) TPEoAR
i=1
When we consider the ratio of the two RF links,
dRr (ZO) =
AR= ——= = —a;Ad, —a;Ad; 25
R~ PCadd) | |ep(-and) (25)

i=1
which has the same form as Equ. 8. In this way, we can use this result to proceed with liquid position detection
(Sec. 5.2) and liquid feature extraction (Sec. 5.3). As a result, we extend the original 2D model to 3D, and it is
compatible with the previous methods.

Slicing and Clustering. As shown in Equ.25, we only need the data of two adjacent positions to calculate the
fingerprint of the liquid. However, due to the existence of random noise and other factors, Aa may not be able
to perform subsequent processing (such as Aa is a negative value). We devise some methods to avoid this. For
each frequency of data, we randomly compute a slice (width is 1000 samples). For those slices, we fit a 5th order
polynomial to the data and use them to calculate relative attenuation factors. We cluster the attenuation factors
for each dimension (choose 0.2 for the inter-class distance) [47]. Then check if the number of samples in the
largest class exceeds 50% of the total. If the number of dimensions satisfying the condition is less than 3, we
re-slice the signal. By screening multiple times, we have a greater probability of obtaining stable data. Although
theoretically the transmitting antenna (TX) only needs a small displacement (Ah) to eliminate the effect of height,
due to factors such as random noise and sampling error, we make the TX rise at least 2 cm during the test to
ensure that we have enough data to select data slice.

We extend the signal transmission model to remove the effect of height, which allows PackquID to perform
accurate liquid identification without presenting the height of the liquid in the container to achieve holding
freedom. We conduct related tests in Sec. 6.2.4.

We construct the basic transmission model of the signal in the 3D range, use the change of the attenuation
factor with frequency to identify whether the signal contains liquid information, and construct the relative
frequency response factor as a feature to identify the liquid.

5.5 Data Preprocessing

Data smoothing. After the liquid is present in the RF link, the amplitude of the signal is significantly attenuated.
Factors such as thermal noise of the device make a lot of Gaussian noise superimposed on the received signal. To
suppress the effect of noise, we smooth the data using a Gaussian window of width 1000.

Signal extraction. After smoothing the amplitude curve, we apply a sliding window to continuously detect
if the packet to be tested is present in the RF link. The variance of the amplitude value in the sliding window
reflects the degree of amplitude fluctuation. When the variance is large and the amplitude is decreasing, we
consider a packet to be placed in the RF link; when the variance is large and the amplitude is increasing, we
consider a liquid to be taken out of the RF link.

Tx movement detection. During the high correction stage, the signals consist of a three-stage process: the
transmitting antenna is stationary; the transmitting antenna is moved upward; the transmitting antenna is
stationary. To identify the liquids, we need to determine when the transmit antenna starts to rise. As shown in
Fig. 9, we use the double sliding windows detection algorithm to detect the start point of the signal, which is
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similar to WiFi’s packet detection. We set up two sliding windows A and B, whose width are both L. Then we
calculate the ratio of the energies of the signals in the two windows [54]:

L-1 *
m=0 ri—mri—m

(26)
L
Z[;l ri+lr;k+l

ra; =

where r is the amplitude of the signal, and r* is the conjugate of r, and i is the right edge of window A. When the
window slides from left to right, for a signal series of length N, we obtain the set Ra = [rar_1,...,ran-r-1], and
then we compute the difference of Ra, Dra = dif f(Ra). Because the signal amplitude in the stationary phase is
relatively stable, when both windows contain only the signal in the static, the value of Dra is small; conversely,
when one window only contains the signal in the static and the other window contains the signal in the antenna
rising, the value of Dra begins to change rapidly. If the value of Dra at i is greater than 50 times the value of Dra
at rest, we consider the antenna to start to rise.

6 EVALUATION

6.1 Experimental Setup

Hardware setup. As shown in Fig. 10, we use an NI company’s N2944R USRP to transmit RF signals, and another
of the same model to receive signals. The antennas we use can send and receive wireless signals in the frequency
range of 1710-2700 MHz and 4900-5850 MHz. We use one transmitting antenna and two receiving antennas,
whose gain are 5dB. We set the ADC sample rate at 40 KHz. We use a 10 G network cable to transfer data from
USRP to computer with Intel i7-10700 CPU and 16G memory for processing the RF data.

Experimental Settings. Our experimental setup for evaluating PackqulD is shown in Fig. 10. We use a transmit
antenna and two receive antennas. When collecting data, we place the packet between the receiving antennas
and the transmitting antenna. In the process of collecting data, we continue to send a sine signal with a frequency
of 4.8 GHz, 5.1 GHz, 5.4 GHz and 5.7 GHz. We send a single-tone IQ signal at 0.8 KHz. Before each experiment,
we carefully calibrate the relative positions between the transmitting and receiving antennas. Specifically, the
distance between the transmitting and receiving antennas is 30 cm, and the distance between the two receiving
antennas is 4 cm.
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6.2 Micro Benchmark

6.2.1 Basic Experiment. We first test PackquID’s ability to identify liquids.

Recognizing liquid. To verify the effectiveness of our proposed model and techniques, we test 9 common liquids,
including Pepsi, Master Kong Ice Black Tea (a tea beverage), Coca-Cola, Master Kong Green Tea (a tea beverage),
Orange juice, Peach juice, ethanol, water, and Sprite. All liquids are bought from a supermarket. Similar to
RadarCat [66], we collect data samples of 9 different liquids three times a day for three day. For each liquid, we
pour 500 ml into a cuboid resin container and place the container on the canvas bag. In order to simulate the
normal storage situation, we place 500 pages of A4 size printer paper behind the water cup. For each liquids, we
perform 50 independent data collections. The temperature of all liquids is at room temperature between 20°C and
25°C. By taking the relative attenuation factor (using 4 frequencies) as features, we can adopt a simple K-Nearest
Neighbors algorithm (K=3) to differentiate those liquids. The identification results are shown in Fig. 13. It achieves
an average accuracy of 99.25%. In particular, PackquID can accurately distinguish similar liquids including Coke
and Pepsi.

Fig. 14 shows how PackquID compares with some excellent related work on liquid identification accuracy.
PackqulD’s accuracy is tested in the scenario where the liquid is placed in a backpack, and the backpack also
contains a hoodie, a book, and 100 pages of A4 paper (as shown in Fig. 12). We find that these works are similar
in terms of liquid identification, but PackquID is able to accurately identify liquids with other items in the packet.
This is mainly due to the fact that the relative frequency response factor is constructed as a feature by using
the characteristic that the complex permittivity of solid and liquid varies with frequency, which eliminates the
adverse effects of other items in the packet on liquid identification.

Impact of the number of carriers. We use fine-grained solutions to test the difference of identification ability
about different number of carriers. We use 8 common liquids as solvents, including Pepsi, Master Kong Ice Black
Tea (a tea beverage), Coca-Cola, Master Kong Green Tea (a tea beverage), orange juice, peach juice, water, and
Sprite. For each solvent, we add alcohol to it so that the alcohol concentration varies from 1% to 20% in steps of
1%. We send 4.8 GHz, 5.1 GHz, 5.4 GHz, 5.7 GHz and 2.4 GHz frequency signals respectively, and then use the
k-nearest neighbor algorithm (k=1) to identify the concentration. For a single frequency, we use the amplitude
ratio of their two receiving antennas as the feature (Equ. 8), and for multiple frequencies, we extract the relative
frequency response factor as the feature. We use five-fold cross-validation to test the performance of the system.

The results are shown in Fig. 15. When we use the relative frequency response factor as a feature, the recognition
accuracy is significantly improved. This is because different liquids may have similar complex permittivity for a
particular frequency. When a signal is transmitted in liquids with similar complex permittivity, the amplitudes
are attenuated to a similar degree, making them indistinguishable. However, due to the different polarization
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characteristics of different liquid molecules, their complex permittivity changes with frequency in different trends.
The relative frequency response factor we constructed with multiple carriers can reflect this trend, which helps
us to distinguish different liquids more accurately. Considering the small frequency band range of many antennas,
we reduce the frequency separation. We find that 4 frequency points can already realize the recognition liquid,
and increasing the number of frequency points will not significantly improve the accuracy. Therefore we choose
4.8 GHz, 5.1 GHz, 5.4 GHz and 5.7 GHz to use.

6.2.2 Identify Liquids with Storage Freedom. There are two basic requirements for storage freedom:

(1) Different types of packets can be selected. There are two types of typical packets used to store containers:
one is for people to carry around, such as a handbag; the other is for storage or logistics, such as a carton. The
packets that people carry with them can be divided into portable and backpack. For these different situations, we
select 4 different packets to test, including two handbags, a backpack, and a carton, which are shown in Fig. 11.

(2) Different items can be placed in the packet. In addition to liquids, the items placed in the packet can be
divided into two categories: one is bulky, such as books, clothes and paper, and the other is some scattered small
items, such as keys, pens, medicines, instant coffee, and etc. We test the accuracy of liquid recognition when the
packer contained these items.

Impact of different types of packets. In daily life, we use a variety of packets. To test the impact of different
packets, we select 4 common packets with different materials, including the backpack, canvas bag, paper bag,
and box for testing, as shown in Fig. 11. For each case, we collect 30 samples of each category shown in Fig. 13.
Having obtained the relative attenuation factor (using 4 frequencies) as features, we can adopt a simple K-Nearest
Neighbors algorithm (K=1) to differentiate those liquids. We use the data of the tested packet as the test set and
the data of the other packets to build the classifier. For example, when we test the effect of the backpack on liquid
identification, we use data collected with liquid in the backpack as a test set, and data collected with liquids in
other packets (canvas bag, paper bags, and box) to build a KNN classifier.

The identification results are shown in Fig. 16. It achieves accuracy over 89.19%. We find that packets of
different materials have similar accuracy. This is because that PackquID uses the ratio of the two RF signals to
extract the liquid feature. The thickness of the packet is usually less than 5 mm. Since the receiving antennas
we place are relatively close, for the two RF links, the effect of the packet on them is similar, so the differential
method can eliminate the influence of different backpack materials.

Impact of the type of items in the packet. In a more general scenario, the packet contains some other items
besides liquids, such as books and clothes. To test PackquID’s ability to identify liquid in this situation, we put
common items in a backpack, including a water cup, a book, 100 pages of A4 printer paper, a hoodie, and three
gel pens. Their placement is shown in the Fig. 12. We test 5 different situations, including a bag with just a water
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cup, a water cup and a book, a water cup and a hoodie, a book and 100 pages of printer paper, all of them. For the
water cup, we use the rectangular water cup shown in D in the Fig. 11. For each situations, we collect data on
9 different common beverages, each beverage collected 30 times independently. Having obtained the relative
attenuation factor (using 4 frequencies) as features, we can adopt a simple K-Nearest Neighbors algorithm (K=1)
to differentiate those liquids. For each test, we use one situation of data as the test set and use other data to build
the KNN classifier.

The result is shown in Fig. 17. Even when the bag contains multiple items, the accuracy rate of liquid identifica-
tion is more than 89%. Furthermore, we find that the accuracy of identification is lower when a hoodie is placed
inside the packet than when other items are placed, possibly due to the more uneven surface of the clothing that
increased signal scattering compared to books.

6.2.3  Identify Liquids with Placement Freedom. There is a basic requirement for placement freedom: identification
is not affected by the location of the container. Specifically, it includes two aspects:

(1) The relative position of the container and other items is different. There are four basic relative positions of
the container and other items: the container is in the front left; the container is in the rear left; the container is in
the front right; the container is in the rear right. We show these different relative positions in the Fig.19. To test
its ability to perform liquid recognition, we test each of these four different scenarios.

(2) The position of the antenna relative to the container is indeterminate. Since we cannot get the exact location
of the container, the position of the antenna relative to the container may be random. As shown in Fig. 20, we
divide the area around the container and exhaustively test the ability of PackquID to identify liquids when the
two receiving antennas are in different positions.

Impact of number of signal acquisition points. Since packets are usually opaque, we don’t know where to place
the transmitting and receiving antennas to ensure that liquid is present in the RF link. To determine the location
of the liquid, as shown in Sec. 5.2, we use the pigeonhole principle to pick M distinct points around the packet.
For example, for a packet with a width of 20 cm and a container with a width of 6 cm, we can find the points
containing the liquid information as long as we ensure that M > 3. The value of the different number of M affects
the relative position of the antenna and the container. Due to the large value range of the size of the packet
and container in practice, it is difficult for us to test the influence of different values of M on the Identification
accuracy in an exhaustive way. Instead, we test the accuracy of the system in identifying liquids when the antenna
is in different positions on the container.

The results are shown in Fig. 22, more than 90% accuracy even with different antenna positions. We find
that reception is better when the receiving antennas are placed in the middle of the container. We believe this
may be due to the fact that antennas are placed in the middle and receive less interference from diffraction and
multipath than at the edges. In addition, the accuracy of liquid identification is better when the difference in the
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transmission distance of the signal for the two RF links in the liquid is large. This is because we extract features
from the ratio of the amplitudes of the two RF links to identify the liquids, and the difference in the transmission
distance will make the signal ratio larger, which allows us to obtain a signal with a higher signal-to-noise ratio.

Impact of relative position. Since different people have different storage habits, the relative positions of water
cups and other items are different. To test the influence of different relative positions, we put the cup on the left
front, left rear, right front, and right rear of the paper respectively for testing. Fig. 19 shows four relative positions.
At each position, we collect 30 samples of each category shown in Fig. 13. We take the relative attenuation factor
(using 4 frequencies) as features, and we can adopt a simple K-Nearest Neighbors algorithm (K=1) to differentiate
those liquids. For each test, we use one situation of data as the test set and use other data to build the KNN
classifier.

The identification results are shown in Fig. 18. It achieves accuracy over 94.03%. Compared with the change in
the relative position of the antenna and the container, the change in the relative position of the container and
other items has less influence on the accuracy of liquid identification. Because the different relative positions
of the liquid to other objects are similar for both the signal reception and recognition models, this makes their
accuracy less different.

6.2.4 Identify Liquids with Holding Freedom. There are two basic requirements for holding freedom:

(1) We can freely choose the container that holds the liquid. There are two typical container types that are
placed in a packet: one is the beverage’s packaging, and the other is our cup. We test both cases, and the cups we
chose to consist of regular cylinders, irregular cylinders, and two types of cuboids with different bottom shapes,
as shown in Fig. 11.

(2) The liquid detection is not affected by the height. On the one hand, we don’t know how much liquid is
originally in the container. Drinking, on the other hand, causes the liquid in the container to vary in height. In
addition, tilting of the container can also cause the effective height of the liquid in the RF link to change. We test
its ability to recognize liquids at different heights.

Impact of different types of cups. In addition, in order to test the influence of different shapes of cups on liquid
identification, besides using the packaging of the beverage itself, we select 4 containers of different shapes for
testing, including irregular cylinders (A), regular cylinders (B) , a rectangular cuboid (C) with a square base and a
rectangular cuboid (D) with a rectangular base, which are shown in Fig 11. For each case, we collect 30 samples of
each category shown in Fig. 13. Having obtained the relative attenuation factor (using 4 frequencies) as features,
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we can adopt a simple K-Nearest Neighbors algorithm (K=1) to differentiate those liquids. For each test, we use
one cup of data as the test set and use other data to build the KNN classifier.

The identification results are shown in Fig. 23. It achieves an accuracy over 85.99%. This means it can identify
liquids with high accuracy despite the material and shape of the containers. Furthermore, we notice that the
three containers A, B, and C have similar accuracies, probably because they have similar shapes. In the process of
the signal from the transmitting antenna to the receiving antenna, a beam of electromagnetic waves is actually
transmitted in space instead of a ray. Different container shapes have different influence on the transmission
of electromagnetic waves, which also results in the lowest average accuracy of identification when using the
beverage’s own packaging as the container for testing.

Impact of different heights of liquids. For testing the effect of the different liquid heights on identification, we
use a cuboid resin container with a length of 10 cm for testing. We test 6 different heights including 3 cm, 4 cm, 6
cm, 8 cm, 10 cm and 12 cm. For each height, we collect data on 9 different common beverages, each beverage
collect 50 times independently. We use a motor, which is shown in Fig. 21, to control the transmit antenna up
or down. For each height, we collect data on when the container is upright and when the container is tilted 30
degrees. Having obtained the relative attenuation factor (using 4 frequencies) as features, we can adopt a simple
K-Nearest Neighbors algorithm to differentiate those liquids. For each test, we use one height of data as the test
set and use other data to build the KNN classifier. For example, if we test the accuracy of the system to identify
the liquid when the liquid height is 4 cm, we use the data collected when the liquid height is 4 cm as the test data,
and use the data collected when the liquid height is other values to construct the KNN classifier.

The results are shown in Fig. 24. We find that to ensure high accuracy, the liquid height needs to be greater
than 4 cm. We believe the reason is the poor stability of the data when the motor is started. And when the liquid
height is low, the duration of the signal containing the liquid information is short, which is not conducive to
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the screening of data for liquid identification. In addition, we test the results of directly extracting features for
identification without high calibration, and we find that the accuracy is only 15.48%. This is because when the
liquid height is lower than the antenna height, a part of the electromagnetic wave reaches the receiving antenna
without passing through the liquid. The proportion of this part of the electromagnetic wave is affected by the
height of the liquid, so the accuracy of identifying the liquid using the unprocessed signal is poor. And PackquID
can extract the signal passing through the liquid transmission part, so it can identify the liquid independent of
height. The inclination of the container affects the transmission distance of the signal in the liquid, and PackquID
can identify liquid independent of the width of the container, so the tilting of the container does not make a big
difference to the accuracy.

PackqulD’s performance in different environments with different packets. As shown in Fig. 25, we test the
performance of PackquID in a hall environment, a corridor environment, and a laboratory environment. In each
environment, we pour the 9 different liquids into 4 different packets, including backpack, canvas bag, paper bag,
and box. For each liquid we collect data 30 times independently. As shown in Fig. 26, in different environments,
the difference in the accuracy of liquid identification is less than 5%.

6.3 Case Study

In this section, we conduct two interesting case studies which are common in daily life: (1) We use PackquID to
detect if there is extra sugar or alcohol added to the drink. (2) We utilize PackquID to identify fine-grained sugar
or alcohol content in beverages.

Case 1: Whether there is extra sugar or alcohol in the drink? In many scenarios (such as controlling the alcohol
intake of minors), we need to pay attention to whether there is additional alcohol or sugar in the beverage. People
sometimes refer to alcohol and mixes in beverages (e.g. rum can be referenced mixed in Cola). Therefore, we first
test PackqulD’s ability to identify impurities (alcohol or sugar) in beverages. For nine common beverages, we
collect data on when they are free of impurities and when they contain 10% sugar or alcohol. Data are collected
30 times independently for each condition. Then use the KNN (k=1) algorithm for liquid identification. The
results are shown in Fig. 27, in 9 different solvents, the accuracy rate of impurity identification exceeds 95%. This
suggests that PackquID can help us determine whether a drink has been added with extra alcohol or sugar.

Case 2: Fine-grained sugar or alcohol content in beverages. In order to eat scientifically, we usually need to
control the intake of sugar and alcohol, which is especially important for patients with diabetes and the like. In
addition, spoiled juices often contain alcohol due to fermentation, which means that fine-grained identification
of alcohol concentration can help us determine whether the juice is spoiled. To test PackquID’s ability to perform
concentration identification, we spike nine different beverages with sugar and alcohol at concentrations ranging
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from 0 to 14% (2% intervals). Data are collected independently for 30 times in each case, and then identify the solute
concentration in the liquid. The results are shown in Fig. 28. The recognition accuracy of concentration exceeds
90%. This means that PackquID has the opportunity to complete the fine-grained concentration-identification
tasks by ubiquitous ways in life, helping us control sugar and alcohol intake.

6.4 Boundary of Liquid Identification Capability

We design experiments to test the boundaries of the PackquID’s ability to identify liquids. In order to effectively
identify the liquid, the length of the container needs to be greater than 10 cm. Furthermore, since PackquID
identifies liquids based on the attenuation of the signal in the liquid. Therefore, it has a stronger ability to identify
liquids with strong polarity.

In order to effectively identify the liquid, the container radius needs to exceed 5 cm. To test the effect of container
radius on the accuracy of liquid identification, we select 4 glass containers with different radius, including 4 cm,
6 cm, 8 cm and 12 cm. When testing, we set the height of the liquid to 12 cm. For each radius, we collect data on
9 different common beverages, each beverage collect 50 times independently. We perform data collection once a
day for three days. Having obtained the relative attenuation factor (using 4 frequencies) as features, we can adopt
a K-Nearest Neighbors algorithm to differentiate those liquids. We use five-fold cross-validation for testing. The
results are shown in Fig. 29. We find that in order to ensure high recognition accuracy, the radius of the container
should be greater than 10 cm. We believe that the reason is that when the radius of the container is large, the two
receiving antennas (the radius of the antenna base is 1.5 cm) can be better shielded, so that the signal received
mainly comes from the signal passing through the liquid. In future work, we plan to use smaller-sized antennas
combined with beam-forming techniques to achieve liquid identification in smaller-sized containers. In addition,
to ensure that the system can effectively identify liquids, the height of the liquid needs to be greater than 4 cm.
Therefore, the minimum volume of liquid that the system can work with is approximately 320 ml.

For highly polar liquids, PackqulD can be identified with a particle size of 2%. But it is difficult to identify for
vegetable oils that are close to non-consumable media. We test the PackqulD’s ability to identify different types of
liquids. For water-based liquids with better conductivity, the system can achieve 2% particle size identification.
Glycerol is dissolved in soybean oil that is approximately coal-free, and the particle size identified is 4%. For the
dissolved corn oil in soybean oil, the system cannot effectively identify it.

We test the minimum particle size the system could recognize for different kinds of solutions. For water-based
liquids, we use 9 common beverages (mineral water, Pepsi, Coca-Cola, and etc.) and sodium chloride (NaCl) as
the solvent. For oil-based liquids, we use soybean oil as the solvent, and glycerol and corn oil as the solvent,
respectively. For each solution, the solubility is varied from 0 to 20% with a concentration interval of 1%. Data are
collected 50 times independently for each concentration. We test the system’s ability to identify concentrations
by selecting data at different concentration intervals. For example, when the granularity is 2%, we select two
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sets of data: data with concentration 0, 2%, 4%,...,20%; and data with concentration 1%, 3%....,19%. We then
test the accuracy of the system in identifying concentrations using five-fold cross-validation. The results are
shown in Fig. 30. For water-based liquids, the system can achieve 1% particle size identification. Our system can
distinguish 2% particle size glycerol solutions with over 75% accuracy. But for the corn oil solution, the system
has difficulty distinguishing effectively. We believe the reason is that the attenuation of electromagnetic waves is
more pronounced in glycerol than in corn oil [3, 10, 13]. Since the liquid features we construct depend on the
attenuation factor of the liquid, it is difficult to effectively distinguish between lossless media.

In addition, we test the system’s ability to identify liquids that are nearly lossless media. We use 4 vegetable
oils, including corn oil, soybean oil, canola oil, and peanut oil for testing. We partition the dataset using five-fold
cross-validation and use the KNN classifier for liquid identification. The confusion matrix is shown in Fig. 31. We
find that the system’s ability to identify lossless media is weak.

7 RELATED WORK
7.1 Material Identification

7.1.1  Traditional Liquid Identification Methods. Traditionally, material identification requires the use of expensive
specialized equipment to provide data [5, 18, 51, 53, 56]. The feasibility of these methods stems from a basic
observation: different materials absorb and reflect light waves to different degrees. In addition to expensive
equipment, these methods typically require the immersion of a probe in a liquid to collect the signal and use a
spectrometer to further analyze the spectral information. This makes it unsuitable for ubiquitous applications in
daily life, such as detecting liquids in packets.

7.1.2  RF-based Liquid Detection Method. Recently, Reflected signal, such as millimeter-wave radar and RFID,
are used to detect liquids. Tagtag [63] sticks an RFID tag on the surface of the material to be tested (such as a
milk box). Due to the existence of near-field coupling, when different kinds of liquids are placed in the container,
the impedance of the RFID tag will change differently, which is used to construct the liquid signature. Similarly,
RF-EATS [24] completes material identification by identifying the effect of different materials on the impedance
of the backscatter tag and designs a migration network to make the system suitable for different application
scenarios (e.g. identifying fake wine and identifying fake milk powder). FG-LiqulD [37] designs a novel neural
network for sensing liquids using millimeter-wave radar, which can identify 30 different liquids in a fine-grained
manner. All of them have achieved good experimental results but are limited by the working mechanism of the
reflected signal, these methods require that there should be no other objects between the signal receiver and
the target to be measured. This limits their applications, such as backpacks that typically contain notebooks,
books, or clothing in addition to liquids. In addition, many methods based on transmitted signals have been
proposed. The key opportunity stems from the fact that due to the different complex permittivity of different
liquids, the wave speed and degree of attenuation of the signal as it travels through the liquid are also different.
Tagscan [58] places the liquid to be tested between the RFID antenna and the tags and uses the antenna to
receive the reflected signal transmitted through the liquid. And it uses the RSSI and phase of the RFID signal to
construct material features to complete the identification of 10 liquid materials. But it requires placing the liquid
in a specific container. LiqulD [15] uses the amplitude and phase of the signal to solve the equation to obtain
the complex permittivity of the liquid, which is able to identify 33 kinds of liquids. Using mechanical waves,
Vi-Liquid [26] builds a model to compute the viscosity of the liquid, which realizes the identification of 30 kinds
of liquids. But these methods usually rely on prior knowledge, such as the material and width of the container.
WiMi[19] utilizes the differential of the dual antennas to eliminate the effect of the container width. However, all
of them are not suitable for liquid identification when both liquid and solid objects are present in the RF link.
They only identify liquids in the 2D ranges without considering the relative height of the liquid to the antenna.
mSense [60] uses millimeter wave technology to achieve high-precision (90% accuracy) recognition of 5 materials

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 6, No. 4, Article 181. Publication date: December 2022.



181:24 «+ Feiet al.

Table 1. Comparison of Liquid Identification Methods with Wireless Signals.

Method Blocke.:d by .Liquid loca- | W/o prior Nq specific con- Liquid height Container
other items | tion unknown | knowledge | tainer required unknown
TagTag [63] N/Al no? yes no no 5500 ml
RF-EATS [24] N/A no yes no no N/A
FG-LiqulD [37] N/A no yes no no 400 ml
OSL [59] N/A no yes no no N/A
mSense [60] N/A no yes yes yes N/A
TagScan [58] N/A no yes no no 9000 ml
WiMi[19] no no no yes no 3700 ml
LiquID [15] no no yes no no 2700 ml
Vi-Liquid [26] no no yes no no 500 ml
PackquID yes yes yes yes yes 320 ml

1 N/A means the method is not applicable.
2 1o means not mentioned in the paper.

in mobile scenes, which means that it can achieve material recognition in the 3D range. However, limited by the
principle of reflection perception, it cannot well adapt to the situation where there are other objects between the
RF transceiver and the target to be measured. We constructed the distribution model of the electric field and
eliminated the influence of height by using the change of the electric field when the transmitting antenna is
displaced and completed the liquid recognition in the 3D range.

7.1.3  Optical and Camera-based Liquid Detection Method. Recent research on optical and camera-based liquid
detection method has many different problem-solving theories and meaningful applications [25, 40, 45, 67].
Smart-U [25] can recognize food or liquid in the spoon by employing the LEDs and photodiodes. However, these
methods are not easy to deploy in daily life. CapCam [67] uses the phone’s camera to capture the ripples created
by vibrations in the liquid to recognize them. But it only recognizes clear liquids.

7.2 Microwave Signal Based Sensing

With the development of 6G technology, the convergence of communication and perception is gaining increasing
attention [12, 48]. Many of the signals in the microwave frequency band (e.g. WiFi and Bluetooth signals)
that are common in our lives are used to perform sensing tasks. Compared with signals in the millimeter-
wave band, microwave signals have stronger transmission capabilities and cheaper deployment costs in the
medium. Hence, microwave signal based sensing has a huge amount of ubiquitous applications, including action
identification [61, 69], localization and tracking [22, 64], user Identification [49], health monitoring [38, 68] and
material identification [15, 19]. These researches verify the possibility of channel independent liquid identification.

7.3 Impedance Spectroscopy at RF

There are many ways to obtain the method related to the complex permittivity of liquids, including co-axial
probe methods, free space methods, transmission line and reflection methods, resonant techniques [1]. A popular
approach is using a co-axial probe dipped into the liquid while a vector network analyzer (VNA), connected to
the probe, measures permittivity [42]. Although these methods can accurately obtain the complex permittivity of
liquids, the equipment is expensive. Many lightweight liquid sensing tasks are not worth the exorbitant cost.
Instead, PackqulDprovides a way to identify liquids using RF signals to construct features that are only related to
the liquid’s complex permittivity.
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8 CONCLUSION AND FUTURE WORK

Conclusion. In this paper, we propose PackquID, which can accurately identify the liquid inside the packet with
microwave signal. PackquID is a model-driven system and does not require prior knowledge of the channel
(including the material and width of the container, the height of the liquid, the number and type of other items
in the bag, etc.) to complete liquid identification. We test PackquID’s liquid identification performance in three
different environments using 4 packets of different materials. For 4 different containers and 9 different beverages,
the identification accuracy exceed 85%. Moreover, it can successfully distinguish extremely Beverages of similar
alcohol content (with a 2% concentration difference). We believe PackqulID could be a promising candidate for
lightweight and universal liquid identification in daily life with numerous applications.

Future work. (1) We hope to combine WiFi technology and use mobile phones to achieve portable liquid
detection. Currently we use a motor to control the transmitter antenna to move up and down to eliminate the
effect of liquid height, which makes PackquID suitable for scenarios such as airport security checks that do
not require frequent movement of devices. In the future, we hope to use handheld commercial devices such as
smartphones to do this to improve the ease of use of in-packet liquid identification. At present, many smartphones
have more than one WiFi antenna, and the latest standard of WiFi6 supports two frequency bands and supports
more than 160 MHz bandwidth on each frequency band, which provide us the opportunity to port PackqulD to
commercial devices. (2) We hope to combine the phase information to complete the identification of the lossless
medium. Since PackqulD identifies liquids based on the attenuation of the signal, it is difficult to distinguish
between non-consumable media (e.g vegetable oils). But previous research [15] has shown that different lossless
media have different effects on the wave speed, which can lead to changes in the phase of the signal. We expect
to combine phase features to enhance the system’s ability to identify lossless media.
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