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Abstract. Atmospheric humidity is one of the most important environ-
mental attributes for weather condition. It affects the economy of nature
as well as human life. Many environmental processes are affected by this
attribute. For example, rice has the most powerful photosynthesis when
the atmospheric humidity is in between 50% and 60%. For most of the
human being, the humidity in between 20% and 80% is good to have a
healthy life. Consequently, humidity measurement methods are urgently
required. The existing methods are neither convenient for large scale
deployment due to the high cost nor accurate enough to use. Recently,
researchers found that humidity has a direct effect on radio propaga-
tion. This observation is undoubtedly useful to measure humidity in the
environment. However, the humidity estimation based on received signal
strength indicator (RSSI) is easily affected by the temporal and spatial
variance due to multipath effect. Meanwhile, the change of radio signals
incurred by RSSI-based systems is not that much obvious when the trans-
mitter and receiver are in close distance. As a result, it is challenging to
measure humidity in indoor environments. In this work, we provide a
novel system, namely WiHumidity, to tackle this problem. The system
utilizes the special diversity of channel state information (CSI) to alle-
viate multipath effect at the receiver. Extensive experiments have been
conducted to verify the effectiveness of WiHumidity. The experimental
results verify that on average, WiHumidity can achieve 79% measure-
ment accuracy.
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1 Introduction

Wireless network technologies [1-3] have been developing rapidly in recent years.
At the same time, people are increasingly concerned about the relationship
between their health and nature. Atmospheric humidity strongly influences eco-
nomic sectors as well as plays an important role in a variety of environmental
processes.
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Besides hygrometer [4] and weather satellites [5], the existing humidity mea-
surement methods are typically developed based on the idea of wireless signal
attenuation. The accuracy of hygrometers is very high. However, due to the high
cost, hygrometers are not suitable for large-scale deployment. On the other hand,
meteorological measurement near the Earth surface is not accurate. The humid-
ity measurement methods based on wireless signal attenuation require the use
of several tens of GHz band and special equipments. These special equipments
are quite expensive, and hence these methods are not suitable for large-scale
deployment. Consequently, the necessity of an accurate and low-cost method to
measure atmospheric humidity is high.

Wireless technologies are capable to identify the changes of environments.
One application that utilizes this idea is [6]. This system exploits the change of
wireless signal to measure rainfall. The heavier the rainfall the more attenuation
is caused to the wireless channel. Based on the same principle, wireless network
technologies can be used to measure atmospheric humidity [7]. However, there
are still two problems with this idea. First, due to the small attenuation caused by
water vapor, measurement over a long distance is required to have a significant
amount of attenuation. A typical experimental distance can be upto several
kilometers. It is inconvenient to conduct measurements over such long distance
in one shot. Second, a very high frequency and special device have been used,
which is not common in life.

There are some humidity measurement systems [8,9], which are developed
based on the received signal strength indicator (RSSI) concept of radio signals.
There are many problems associated with RSSI-based measurement systems.
First, RSSI is measured from the RF signal at a per-packet level, the accurate
value of which is difficult to obtain. Some surveys [10-12] show that the variance
of RSSI can be upto 5dB in 1 min. Second, multipath effect of the radio signal
always exists, especially in indoor environments. RSSI is easily affected by this
effect. In theory, a model to measure the humidity using the received power
can be established. However, in practice, RSSI value is not monotonic due to
multipath effect. Consequently, the RSSI-based propagation model is invalid in
short distance.

In order to tackle these challenges, we utilize channel state information (CSI)
instead of RSSI of wireless signals in designing our system. And, unlike in [8,9],
we redefine a new propagation model to accommodate these issues. Our proposed
WiFi signal-based humidity measurement system is based on the new propaga-
tion model, and we name our system as WiHumidity. In the system, two Com-
mercial Off-The-Shelf (COTS) WiFi devices are used, one of which is a sender
(e.g., a router) and another one is a receiver (e.g., a laptop). The sender continu-
ously emits signals and the receiver continuously receives signals. We conduct the
humidity measurement experiments over a short distance on 5 GHz radio band.

Our refined propagation model has an unknown parameter, the value of
which is greatly dependent on the environment. Since the model parameter is
unknown, we cannot directly apply the new model to predict the humidity of a
certain place. Consequently, we adopt a supervised machine learning algorithm,
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i.e., Support Vector Machine (SVM) to build a learning model that infers the
relationship between CSI samples and humidity. Once we establish the model
using training data, we verify the effectiveness of our model using test data. The
main contributions of this paper are summarized as follows.

— We develop a supervised learning model that concludes the relationship
between CSI samples and humidity of a certain place, and can measure humid-
ity accurately. To the best of our knowledge, this is the first work that has used
fine-gained PHY layer information in orthogonal frequency division multiplex-
ing (OFDM)-based systems to build a propagation model so as to improve the
performance of atmospheric humidity measurement.

— Since the refined propagation model has an unknown parameter, it cannot
be directly applied to measure humidity of a certain environment. Conse-
quently, we develop a supervised learning model that concludes the relation-
ship between CSI samples and humidity of a certain place.

— We implement our method in commercial 802.11 Network Interface Cards
(NICs), and conduct extensive experiments in typical indoor environments to
show the feasibility of our design.

— Experimental results demonstrate that WiHumidity can measure atmospheric
humidity effectively and accurately. The average measurement accuracy can
be upto 79%.

The rest of this paper is organized as follows. We first provide some back-
ground information related to the content of this paper in Sect. 2, which includes
the detailed explanation of CSI and the traditional wireless signal propagation
model. In Sect. 3, the refined propagation model based on CSI is introduced.
In Sect. 4, we present the detailed design description of our CSI-based humidity
measurement system. Followed by the experimental setup, we evaluate the per-
formance of our system in Sect. 5. Finally, Sect. 6 concludes the paper with some
directions on future research.

2 Preliminaries

In this section, we provide a detailed description of CSI and the general wireless
signal propagation model.

2.1 Elaboration of CSI

CSI represents the channel properties of a communication link. In wireless com-
munications, the radio signal is affected by surrounding physical environments.
The combined effect of reflections, diffractions and scattering is revealed by CSI.
In frequency domain, the narrow band flat-fading channel model is

y=Hz+n, (1)

where y and x are the received and transmitted signal vectors, respectively. n is
the additive white Gaussian noise vector, and H is the CSI matrix. The noise is
often modeled as to have circular symmetric complex normal distribution with
n ~ cN(0,S). Thus, H in the above formula can be estimated as H = £.
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2.2 General Radio Propagation Model

Previous studies [8,9,13] have indicated that many weather attributes can affect
the transmission of electromagnetic waves. Precipitation, water vapor, oxygen,
snow, mist and fog are the typical notions of weather attributes. Diffraction,
refraction, absorption and scattering caused by these weather factors can affect
the electromagnetic waves and cause attenuation to radio signals. Hence, the
current widely distributed wireless communication network technologies have
opened a new door to measure environmental attributes. Quite a lot of research
have been conducted in this context for many different purposes, such as rainfall
measurement [6,14-16], etc.

The research results in the field of Physics show that oxygen and water vapor
are the main absorbing gases, especially in lower atmosphere [17]. Although other
atmospheric molecules have definite effect on radio signals, their impacts are too
small to be ignored. Hence, the attenuation v due to dry air and water vapor
can be described as follows.

v =Ay+ A, =0.1820fcu.N (f), (2)

where A, is the attenuation amount caused by the water vapor, and A, is
the attenuation amount caused by the dry air. N (f) is the imaginary part of
the frequency-dependent complex refractivity, which is a function of pressure,
temperature and water vapor density. And, N ”( f) is given by

ZS )+ Np(f), (3)

where S;(.) = S;(p,T) (the function of pressure and temperature) is the strength
of the ith frequency line; F;(.) = F;(p, T, f) (the function of pressure, temperature
and frequency) is the line shape factor; and Ng (f) represents the dry continuum
due to pressure induced nitrogen absorption and the Debye spectrum [18]. Hence,
according to (2) and (3), we can obtain

v =0.1820f ZS () + Np(f)). (4)

Reorganizing (4), we obtain
_ ’y . "

The right hand part of (5) does not have any variable related to humidity.
However, both S;(.) and F;(.) have parameters, which are related to humidity.
As for S;(.) and F;(.), the precise expression can be found in [18].

3 Proposed Refined Radio Propagation Model

In this section, we utilize the fine grained CSI instead of RSSI of radio signals
to build a propagation model, and accommodate the issues relevant to humidity
measurement in the model. Before proposing the new refined model, we discuss
about the deficiencies of the existing RSSI-based propagation model.
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3.1 Deficiencies of the RSSI-based Model

According to (4), we have plotted some figures, that characterize this model.
As illustrated in Fig. 1(a), maximum attenuation occurs at around 22 GHz band
within the range of [0 ~ 40] GHz frequency band. In theory, water vapor has
a resonance line at 22.235 GHz channel. Hence, at ~22 GHz band, the signal
loss is caused predominantly by the water vapor. Consequently, [22 ~ 23] GHz
electromagnetic wave was used for the experiments in [8]. Figure 1(b) shows us
the relationship between attenuation and temperature. Below 100°C, the higher
the temperature, the smaller the attenuation.

Figure 1(c) shows us the important information in this context. The func-
tional relationship between the attenuation and humidity is monotonic. The
higher the humidity, the larger the attenuation. At the same time, one impor-
tant key point is, the attenuation ratio is relatively low (in the order of 1072) at
2.4 GHz frequency or at 5 GHz frequency band compared to that in Fig. 1(a).
Consequently, in order to obtain obvious and measurable attenuation value,
the measurement distance is often several kilometers long even at ~5 GHz fre-
quency band!.
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We chose a confined space, which is 4 m long and 2 m high. We used humidifier
to adjust the humidity in this small space. Then, we collected data for five
different humidity values. 50 samples were collected at each humidity value.
In total, there were 5 different humidity points and their corresponding 250
samples. The distance between TX and RX was set to 3m. Figure 2(b) describes
the changing trend of RSSI for different humidity values. Whereas, in Fig. 2(a),
we show the RSSI variance w.r.t. different humidity samples.

We conducted some experiments to emphasize the deficiencies of this model
further. The distance between TX and RX was set to 3m. In total, we collected
5 different humidity values and 50 samples for each humidity value. Figure 2(b)
describes the changing trend of RSSI for different humidity values. Whereas, in
Fig.2(a), we show the RSSI variance w.r.t. different humidity samples.

To summarize, the greater the humidity, the greater the attenuation ratio.
In theory, the RSSI value is monotonically decreasing with humidity. However,
in Fig.2, we see the fluctuations in terms of this trend. There are two reasons
which contribute to this observation. First, the attenuation ratio is relatively
low even at 5 GHz band, which is obvious in Fig. 1(c). Second, multipath effect
always exists, especially in the indoor environment.

3.2 CSI-Based Model

In order to address the problems with the RSSI-based model, we refine the
propagation model here. Comparing with RSSI, CSI can better reflect the quality
of the channel. Denoting the CSI-based attenuation by CSI.;; and replacing «y
with CSLe;y in (5), we can obtain

_a-|CSleps|

;Si(JFZ-(.) = 01820/ Np(f), (6)
where CSI,/; is given by
1 o, fi
CSleyy = 4 ;(% X |Hy|), ke (—15,15). (7)

« is an unknown factor which is greatly dependent on the environment. f; is
the central frequency. Respectively, fi and |Hy| are the frequency and amplitude
of the kth subcarrier. The reason to replace v by CSl.s is that it can exploit
the frequency diversity to compensate the small-scale fading effect.

4 System Design

Using the refined CSI-based propagation model described in the previous section,
we propose a system that measures humidity in a certain place effectively. We
name our system as WiHumidity. Although the model provides the relationship
between the humidity of a certain place and CSI of wireless signal, our system is
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Fig. 3. The system flow diagram.

based on the supervised machine learning algorithm. Supervised learning algo-
rithm requires some training data to build a prediction model, and test data to
validate the model. In the following discussions, we provide the detailed descrip-
tion of our system including the methodology. Figure3 shows the functional
flow diagram of our system. There are mainly two components in the system,
the functionalities of which are described as follows.

4.1 Data Collection and Processing

In a typical environment, CSI is easily influenced by human activities, and hence
CSI needs filtering to reduce noise. We choose a confined space in the indoor
environment, in which there are Ny number of transmit antennas and Ng num-
ber of receive antennas. WiFi NIC(s) of the receiver(s) report(s) CSI values over
30 OFDM subcarriers of the 20 MHz wide WiFi channel. This leads to 30 CSI
samples with dimension Ni X Nt per humidity value. Consequently, the number
of collected CSI samples for one humidity value is 30 x Ng x Nr.

4.2 Feature Extractioin and Classification

In order to cope with the randomness of data, we collect a set of samples for
each humidity value. Seven features of the collected 30 x N x Np CSI samples
(for per humidity sample) are used to build a classification model. These seven
features are: (1) mean value, (2) normalized standard deviation (NSTD), (3)
median absolute deviation (MAD), (4) interquartile range (IR), (5) maximum
value, (6) skewness, and (7) signal entropy. As shown in the next section, none
of the features alone can determine the corresponding humidity value effectively.
Taking all features jointly into account, we apply a supervised machine learn-
ing algorithm, i.e., SVM to make a definite decision about the corresponding
humidity.
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Fig. 4. The change of individual feature value w.r.t. different humidity samples.

5 Experiments and Performance Evaluation

In this section, we first describe the details of the experimental settings and the
implementation of our system, WiHumidity. Then, to justify the effectiveness of
WiHumidity, we show the results of our experimentation.

5.1 Experimental Settings

For the experiment, we design a confined space, the size of which is 4m long
and 2m high. We use humidifier to adjust the humidity of environment in this
small space. One TP-LINK router acts as the TX. A desktop of DELL with
2.4 GHz dula-core CPU as the RX, and implements WiHumidity. The desktop
is equipped with Intel WiFi Link 5300(iwl5300) 802.11n NICs. In order to avoid
the interference from the neighboring bands, we conduct our experiment on
5GHz band. Moreover, we implement our system on the MATLAB platform,
and evaluate the system in a typical laboratory room. Then, we collect data to
evaluate the performance of our system. In order to ensure the diversity of data,
50 samples are collected for each humidity value.

5.2 Experimental Results

5.2.1 Signal-Level Analysis of the Collected Data

Previous works [9,13] have proved that water vapor can cause attenuation to
radio signals, which leads to the change in RSSI or CSI values. However, to
the best of our knowledge, no model based on CSI has been established before.
This is the first work that has established the relationship between humidity
and CSI. The key of the humidity measurement problem is to extract features
from the CSI samples to discriminate different humidity values. We select four
different features of the CSI samples to show the variation with different humidity
values. From Fig. 4, for different humidity values, we can find obvious difference
in terms of a feature value. It implies that different humidity values have different
variation of CSL.
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5.2.2 The Final Measurement Performance

As mentioned previously, a total of 250 CSI-humidity samples are collected.
To establish a classification model, 120 of them are used for training, the rest
(130) are to test. Finally, we run the classification process for 10000 times. As
demonstrated in Fig. 5, WiHumidity can achieve detection accuracy 79% on aver-
age. The highest accuracy can be even upto 91%. Figure 5(a) shows comparison
of three features combination. Figure 5(b) is the pdf plot for the measurement
accuracy when all seven features are taken into account in building the SVM
classification model. One of the outstanding works, in this context, is to pre-
dict the humidity following the relation in (6). However, there is an unknown
factor « in this equation, which can be determined using the relations in (5)
and (6). Then, the results of the proposed classification model can be verified
with that of the proposed CSI-based propagation model. We would like to leave
this work as our future study. Furthermore, we have not compared the results of
our classification model with that of a RSSI-based measurement model. This is
because the short distance over which we have conducted our experiments, and
the RSSI-based models are not applicable for the short distance. Moreover, it
requires specialized expensive equipments which are not easy to obtain.
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Fig. 5. Accuracy of our SVM classification model.

6 Conclusions and Future Work

In this paper, we proposed an effective and low-cost humidity measurement
system. Having noticed several drawbacks of the existing RSSI-based humid-
ity measurement systems, we proposed a refined CSI-based propagation model.
To the best of our knowledge, this is the first work that used fine-gained PHY
layer information (CSI) in OFDM-based systems to build a propagation model
for improving the performance of atmospheric humidity measurement. Since the
refined model has an unknown parameter and it is greatly dependent on the envi-
ronment, we used SVM learning model to predict the humidity. Comprehensive
experiments were conducted to verify the effectiveness of the learning model in
predicting humidity. The average measurement accuracy that we obtained was
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around 79%. The accuracy of the prediction can be further improved by using
better machine learning algorithm.

As a continuation of this work, our first objective is to improve the mea-
surement accuracy of the system. Perhaps, we can use higher frequency radio
signals to improve the accuracy. Furthermore, we can conduct more comprehen-
sive experiments at different environments while considering different distance
between the TX and the RX to verify the new CSI-based propagation model
further.

Acknowledgements. This research is supported in part by the Shenzhen Science and
Technology Foundation (No. KQCX20150324160536457, JCYJ20150324141711621.),
China NSFC Grant 61472259, 61502313, Program for New Century Excellent Tal-
ents in University (NCET-13-0908), Guangdong Talent Project 2014TQ01X238,
2015TX01X111 and GDUPS (2015). Tencent “Rhinoceros Birds” - Scientific Research
Foundation for Young Teachers of Shenzhen University.

References

1. Wu, K., Tan, H., Liu, Y., Zhang, J., Zhang, Q., Ni, L.M.: Side channel: bits over
interference. IEEE Trans. Mob. Comput. 11(8), 1317-1330 (2012)

2. Wu, K., Tan, H., Ngan, H., Liu, Y., Ni, L.M.: Chip error pattern analysis in IEEE
802.15.4. IEEE Trans. Mob. Comput. 11(4), 543-552 (2012)

3. Kaishun, W., Haochao Li, L., Wang, Y.Y., Liu, Y., Chen, D., Luo, X., Zhang, Q.,
Ni, L.M.: hJam: attachment transmission in WLANs. IEEE Trans. Mob. Comput.
12(12), 23342345 (2013)

4. Knowles Middleton, W.E.: A History of the Thermometer. Johns Hopkins Press,
Baltimore (1966). ISBN 0-8018-7153-0

5. Sauvageot, H.: Radar Meteorology. Artech House Publishers, Norwood (1992)

6. Zamora, J.L.F., Kashihara, S., Yamaguchi, S.: Radio signal-based measurements
for localized heavy rain detection using smartphones. In: Proceedings of the IEEE
GHTC (2013)

7. David, N., Alperta, P., Messer, H.: Technical note: novel method for water vapor
monitoring using wireless communication networks measurements. Atmos. Chem.
Phys. 9(7), 2413-2418 (2009)

8. Liebe, H.J.: An updated model for millimeter wave propagation in moist air. Radio
Sci. 20(5), 1069-1089 (1985)

9. Kobayashi, H.K.: Atmospheric effects on millimeter radio waves. DTIC Document
(1980)

10. Kaishun, W., Xiao, J., Yi, Y., Chen, D., Luo, X., Ni, L.M.: CSI-based indoor
localization. IEEE Trans. Parallel Distrib. Sys. 24(7), 1300-1309 (2013)

11. Wang, G., Zou, Y., Zhou, Z., Kaishun, W., Ni, L.M.: We can hear you with WiFi!.
IEEE Trans. Mob. Comput. 15(11), 2907-2920 (2016)

12. Wang, L., Qi, X., Xijao, J., Kaishun, W., Hamdi, M., Zhang, Q.: Exploring
smart pilot for wireless rate adaptation. IEEE Trans. Wireless Commun. 15(7),
4571-4582 (2016)

13. Zhevakin, S.A., Naumov, A.P.: The propagation of centimeter, millimeter, and sub-
millimeter radio waves in the earth’s atmosphere. Radiophys. Quantum Electron.
10(9-10), 678-694 (1967)



14.

15.

16.

17.

18.

WiHumidity: A Novel CSI-Based Humidity Measurement System 547

Messer, H.: Rainfall monitoring using cellular networks. IEEE Sig. Process. Mag.
24(3), 142-144 (2007)

Zinevich, A., Alpert, P., Messer, H.: Estimation of rainfall fields using commer-
cial microwave communication networks of variable density. Adv. Water Resour.
31(11), 1470-1480 (2008)

Zinevich, A., Messer, H., Alpert, P.: Frontal rainfall observation by a commercial
microwave communication network. J. Appl. Meteorol. Climatol. 48(7), 1317-1334
(2009)

Van Vleck, J.H.: The absorption of microwaves by uncondensed water vapor. Phys.
Rev. 71(7), 425 (1947)

Ippolito, L.J., Jr.: Attenuation by Atmospheric Gases. In: Radiowave Propagation
in Satellite Communications, pp. 25-37. Springer, Heidelberg (1986)



	WiHumidity: A Novel CSI-Based Humidity Measurement System
	1 Introduction
	2 Preliminaries
	2.1 Elaboration of CSI
	2.2 General Radio Propagation Model

	3 Proposed Refined Radio Propagation Model
	3.1 Deficiencies of the RSSI-based Model
	3.2 CSI-Based Model

	4 System Design
	4.1 Data Collection and Processing
	4.2 Feature Extractioin and Classification

	5 Experiments and Performance Evaluation
	5.1 Experimental Settings
	5.2 Experimental Results

	6 Conclusions and Future Work
	References


