
Abstract—This letter presents a new generation of radio-
frequency interferometric sensors. Herein, an original, simple and 
monolithic interferometer based on substrate integrated 
waveguide technology is introduced for the first time. In order to 
demonstrate its potential for measurement applications, the 
proposed structure has been studied as a humidity-sensing 
element. Its detection principle is based on the variation of the 
effective dielectric constant of a sensitive branch due to the 
variation of the humid air dielectric constant. The sensitive 
characteristics of the structure have been investigated in the range 
of 20%–70% relative humidity. An analytical model that predicts 
the frequency shift and estimates the humidity level is proposed. 
The substrate integrated interferometer can be used in many 
measurement applications such as dielectric material 
characterization and environmental detection. 

Index Terms—Interferometer, Radio-Frequency, Passive, 
Sensor, Substrate Integrated Waveguide (SIW). 

I. INTRODUCTION 

VER the last few years, there has been a spike in the 
interest in substrate integrated waveguide (SIW) 

components for measurement applications. Indeed, the use of 
SIWs for the development of sensors presents a very promising 
option due to their advantages in terms of good electrical 
properties, compactness and low cost [1]. 

Several SIW structures have been demonstrated for the 
characterization of dielectric materials [2], [3] as well as the 
detection and monitoring of physical quantities such as 
hydrogen and humidity [4], [5]. The measurement techniques 
employed by these structures are mainly the resonance and the 
transmission/reflection methods. Typically, cavity resonators 
are used in sensing applications that rely on high accuracy. 
However, their efficiency is quite limited for wideband 
measurements; for the latter, the second approach is often used 
despite its low accuracy. Thus, the applied measurement 
technique is usually chosen based on the requirements of the 
intended application. 

 Radio-frequency (RF) interferometry presents another 
attractive technique for sensing applications that require high 
sensitivity, fine resolution, fast speed and accuracy [6]. 
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Fig. 1. (a) The 3-D structure of the substrate integrated interferometer. (b) Side 
view of the dielectric and metalized posts. 

Fundamentally, it relies on a process of phase variation 
detection and waves’ superposition. At optical wavelengths, 
interferometric sensors have been widely investigated for 
various applications such as biological and chemical sensing 
[7]. By exploiting different technologies and architectures, RF 
interferometers have also been extensively demonstrated for 
many applications such as small displacements measurement 
[8] and dielectric spectroscopy [9]. The development of 
interferometric sensors using SIW technology has never been 
investigated despite the good-sensing capabilities of the 
substrate integrated sensors. In this context, a new class of SIW 
sensing elements is demonstrated and presented in this letter. 
An original substrate integrated interferometric sensor is 
introduced for the first time. The proposed structure is 
investigated for relative humidity (RH) sensing without using a 
sensitive layer in order to demonstrate its potential for 
measurement applications. Its sensitivity is compared with that 
of the SIW cavity resonators introduced in [5]. The SIW 
interferometer combines the advantages of both the SIW 
technology and the interferometry technique. Therefore, it 
presents a highly sensitive, passive and compact measurement 
solution. Additionally, the new device reduces the measurement 
errors related to the dielectric properties variations by 
exploiting a differential approach and also simplifies the phase 
measurement of the SIW phase shifter presented in [4] so that 
the detected physical quantity can be instantly mapped on the 
frequency. 
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II. THEORETICAL MODEL 
The basic structure of the interferometer consists of two 

distinct branches connected on each side to a built-in power 
divider/combiner. Fig.1 shows the conceived SIW 
interferometric sensor. The sensitive branch, enabled by the 
introduction of the air holes, has an effective dielectric constant 
𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 and a length 𝑙𝑙1 as attributes. Analogously, the reference 
branch has a length 𝑙𝑙2 and a relative dielectric constant 𝜀𝜀𝑟𝑟 (the 
substrate dielectric constant). The operation principle can be 
summarized into three major steps: the division of the input 
signal into two probing signals, the propagation of each probing 
signal through a branch of the interferometer, and finally the 
combination of the two probing signals at the output port. 

The phase difference between the two branches at a 
frequency 𝑓𝑓 is given by  

     𝛥𝛥𝜑𝜑(𝑓𝑓) = |𝛽𝛽1(𝑓𝑓)𝑙𝑙1 − 𝛽𝛽2(𝑓𝑓)𝑙𝑙2|          (1) 

where 𝛽𝛽1 and 𝛽𝛽2 are the phase constants of the sensitive branch 
and the reference branch, respectively. 
 At the interferometer’s operation frequency, the signals from 
the two branches have a destructive interference, i.e., a phase 
difference of 180°. Hence, for the TE10 mode, equation (1) can 
be written as 
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where 𝑐𝑐 denotes the speed of electromagnetic waves in vacuum, 
𝑓𝑓0 is the operation frequency, and 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒  is the effective width of 
each branch [1]. The effective permittivity of the sensitive 
branch changes depending on the humid air dielectric constant 
and its variation can be estimated by the Maxwell-Garnett (MG) 
mixing rule [2] 

   𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑟𝑟 + 3𝑣𝑣𝜀𝜀𝑟𝑟
𝜀𝜀𝑟𝑟(𝐻𝐻)−𝜀𝜀𝑟𝑟

𝜀𝜀𝑟𝑟(𝐻𝐻)+2𝜀𝜀𝑟𝑟−𝑣𝑣(𝜀𝜀𝑟𝑟(𝐻𝐻)−𝜀𝜀𝑟𝑟)
             (3) 

where 𝑣𝑣 is the volume fraction of the sensitive region, and 
𝜀𝜀𝑟𝑟(𝐻𝐻) is the dielectric constant of moist air given by [10] 

𝜀𝜀𝑟𝑟(𝐻𝐻) = 1 + 211
𝑇𝑇
�𝑃𝑃 + 48𝑃𝑃𝑠𝑠

𝑇𝑇
𝐻𝐻� × 10−6             (4) 

where 𝑇𝑇 is the absolute temperature (K), 𝑃𝑃 is the pressure of 
moist air (mmHg), 𝑃𝑃𝑠𝑠 is the pressure of saturated water vapor 
(mmHg), and 𝐻𝐻 is the relative humidity (%).  

Equations (2)–(4) show that the operation frequency 𝑓𝑓0 
varies according to the relative humidity percentage. In fact, the 
permittivity of humid air is proportional to the relative humidity 
level. Therefore, the variation of the RH percentage changes the 

TABLE I 
DESIGN PARAMETERS VALUES FOR THE SIW INTERFEROMETER [MILLIMETER]  

Weff Dmetalized Dair Ds bmetalized bair Wadpt Wt Lt 

13.66 0.6  0.9 0.94 1 1.2 3.38 6.5 2.5 

 
Fig. 2. The manufactured SIW interferometric sensor. 

 
Fig. 3. Simulated and measured S21 modulus at 20% RH. 

effective permittivity of the sensitive branch, which causes the 
operation frequency shift. The variation of the pressure and 
temperature can also affect the frequency shift, however, their 
effect is less important [5]. 

III. DEVICE STRUCTURE AND EXPERIMENTAL VALIDATION 
The SIW interferometer was designed and simulated using 

HFSS [11]. The considered dimensions are shown in Table I. 
The proposed structure operates at the frequency of 16.55 GHz 
and the used substrate is Rogers 4003C (𝜀𝜀𝑟𝑟= 3.55, tan δ = 
0.0023, h = 1.524 mm). Fig. 2 shows the built SIW 
interferometric sensor. A comparison between the simulated 
and measured S21 modulus of the device at 20% RH is shown in 
Fig. 3. The obtained simulation result is in accordance with the 
measured S21. 

The sensitive characteristics of the proposed interferometer 
were tested experimentally for 𝑇𝑇 = 30 °C in the range of 20%–
70% RH using the experimental setup presented in Fig. 4. The 
tests were carried out within this humidity range in order to 
avoid the accumulation of water molecules with a very high 
dielectric constant (~70) in the functionalized region at higher 
relative humidity percentages. In fact, water condensation 
would cause an important change in the effective dielectric 
constant of the sensitive branch and consequently a significant 
frequency shift. Fig. 5 shows the measured S21 modulus at 20% 
and 70% RH in the frequency range of 16.4 GHz to 16.8 GHz. 
According to this figure, the structure is ascertained to be 
sensitive to the variation of the relative humidity percentage as 
the operation frequency shifted by 7.1 MHz. The corresponding 



 
         (a)            (b) 
Fig. 4. (a) Scheme of the used measurement setup. (b) Its picture. 

 
Fig. 5. Measured S21 modulus at 20% and 70% RH. 

 
Fig. 6. Sensitivity characteristics of the SIW interferometer for the TE10 mode: 
(Left axis) the measured and calculated operation frequency as a function of the 
humidity level variation. (Right axis) operation frequency variation. 

effective quality factor, defined as 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑓𝑓0/∆𝑓𝑓3𝑑𝑑𝑑𝑑, is 2.4×10³ 
at 20% RH. The experiment was repeated three times under the 
same experimental conditions to test the measurements 
repeatability and identify their errors. The frequency shift was 
estimated analytically using the proposed analytical model. Fig. 
6 shows the numerical results for the TE10 mode of the estimated 
frequency shift together with the measurement results at 
different relative humidity levels. As shown in this figure, the 
measurement results agreed well with the proposed model and 
the structure exhibited a sensitivity of 142 kHz/RH from 20% 
to 70% RH. The repeatability tests showed a coherence between 
the different measurements with a maximum frequency shift 
under 4 MHz. Table II presents a comparison between the 
sensitive characteristics of the proposed interferometer and the 
SIW cavity resonators introduced in [5] for the same 
experimental conditions (𝑇𝑇 = 30 °C and 𝑃𝑃 = 760 mmHg) and 
propagation mode (TE10 mode). As shown in Table II, the 
proposed sensor has the smallest sensitive region and the 
highest sensitivity; by using the proposed analytical model, this  

TABLE II 
COMPARISON BETWEEN THE SIW INTERFEROMETER AND CAVITY RESONATOR  

Structure 
Operation 
frequency 

[GHz] 

Sensitive 
region 

dimensions 
[mm×mm] 

Sensitive 
region 
surface 
[mm²] 

Overall 
size 

[cm×cm] 

RH 
range 
[%]  

Sensitivity 
[kHz/RH] 

SIW 
resonator 

4.15 28.2×28.2 795 5. 1 ×3.9 
0-80 

101  

3.6 8.7×8.7 75.7 5. 1 ×3.9 9.35  

SIW 
interferometer 16.55 8.1×9.3 75.3 9.8× 4.6 20-

70 142  

result was verified with an estimation of the device’s sensitivity 
at around 4 GHz. Therefore, the SIW interferometer is very 
convenient for measurement applications that involve the use 
of small volumes of materials and require high sensitivity. 
Concerning the total dimensions of the sensor, it was reported 
in [4] that a way to reduce significantly the size of a SIW sensor 
would be through the use of slow-wave SIWs [12]. 

IV. CONCLUSION 
A new generation of RF interferometric sensors has been 

introduced in this paper with a SIW interferometer for 
measurement applications. The developed structure has been 
demonstrated for relative humidity measurement and exhibited 
a sensitivity of 142 kHz/%RH in the range of 20%–70% RH. 
An analytical model that predicts this sensitivity has been 
proposed and validated experimentally. Finally, it is important 
to mention that the SIW interferometer as a new class of SIW 
sensing elements presents a more reliable and a better solution 
for applications such as dielectric materials characterization and 
gas sensing. 
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