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Abstract— None-invasive blood glucose measurement enables effective diagnosis and treatment of diabetic 
patients. The existing microwave sensors suffer from low sensitivity and large size.  This article presents a highly 
sensitive and compact size non-invasive microwave sensor for real-time blood glucose measurements. We have 
developed a new sensing technique using directly connected Branch Line Coupler and Split Ring Resonators. This 
technique significantly improves the sensitivity by mitigating the limited coupling between transmission lines and 
resonators. In addition, using Split Ring Resonators reduces the sensor size due to capacitive and inductive effects, 
which are loaded to the Branch Line Coupler. The proposed sensing function is based on shifting the transmission 
notch frequency in coupled arm of the Branch Line Coupler, which is caused by loading the Split Ring Resonators 
with varying glucose concentration. A prototype sensor is fabricated and successfully tested using several glucose 
concentrations in deionized water. Experimental results demonstrate 0.72 MHz/mgdL-1 measurement sensitivity, which 
is higher in comparison with available sensors in PCB technology. The prototype sensor size is 3.5×3.5×0.16 cm3. 

 
Index Terms— Branch Line Coupler, Microwave Sensor, High sensitivity, Compact size, Transmission Zeros 

 

 

I.  Introduction 

ICROWAVE biosensors attract significant attention due  

to low cost, easy fabrication, and design flexibility on 

Printed Circuit Board (PCB) compared to other types of 

thermal, optical and MEMS-based sensors. These sensors offer 

real-time responses, which is an outstanding feature in 

comparison with expensive and labor-intensive chemical 

procedures for in-situ applications [1-3]. A reusable RF 

biosensor with rectangular meandered line resonator on a GaAs 

substrate was designed in [4] where resonance aspects were 

studied with human serum as well as deionized (DI) water 

glucose concentration. Many approaches, focus on the 

implementation of planar resonators, which are coupled to 

transmission lines. In this arrangement, the changes in material 

under test (MUT), leads to corresponding shifts in the 

resonance frequency [5-8]. A microstrip resonant permittivity 

sensor for liquid material using a single resonant element was 

reported in [9]. The circuit is compact as it uses single resonator 

with dual ISM (Industrial, Scientific and Medical) operation 

capability. In a water-glucose concentration sensor presented 

by [10], an open loop microstrip resonator is coupled to two 

microstrip lines. Q factor and the maximum  𝑆21 of the sensor 

were used as sensing magnitudes. The sensitivity values are 

consistent with the previous works.   Split Ring Resonators 

(SRRs) [11-14] and T-shaped microstrip line [15] are used to 

improve the sensitivity by localizing the electrical field in a 

small sensing area. However, the resulting device sensitivities 
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are limited by the level of coupling between the resonator arms 

and transmission lines (TL) as well as the resonator structure. 

Generally coupling length is λ⁄4, which is too long for 

optimized arrangement with λ⁄2 resonators due to size and 

layout restrictions. Ideally short couplers that provide a high 

degree of coupling are desired. Another disadvantage of the 

available Blood Glucose Level (BGL) sensors is that, the finger 

pressure [16] and finger position [17] may drastically affect the 

accuracy of the measurements. The effect of biological layers 

thickness and fingerprint patterns are studied in [18]. It is shown 

that the finger layer thickness plays a major role in the 

measurement repeatability. The main resonance point for each 

fingerprint pattern and valley depth value is different. 

Therefore, calibration procedure is vital for different patients. 

Substrate Integrated Waveguide sensor for BGL measurement 

is reported in [19]. However, the size of the structure is larger 

in comparison with similar microstrip based sensors. A portable 

device based on a microwave resonator was developed for BGL 

measurement in [20]. The findings reveal that the accuracy 

must be improved for field tests of the device. Complementary 

Split Ring Resonator (CSRR) based biosensor with 

microfluidic channel is presented in [21]. Although repeatable 

measurement results have been achieved by using microfluidic 

channel, the measurements are reported for unrealistic glucose 

levels with much lower sensitivities. The resonant frequency of 

a CSRR has a strong dependency on the thickness of the 

dielectric layer. A high quality microwave sensor for non-
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destructive measurement of dielectric thickness is presented in 

[22]. A theoretical background for a CSRR-based sensor was 

provided in [23]. Microstrip transmission line and CSRR were 

reorganized as resonator host and resonator element 

respectively. The glucose concentration monitoring at any 

temperature range was carried out in [24] with a fluidic CSRR 

sensor. A refractive microwave biosensor on CSRR in [25] is a 

one-port structure. Although the sensor offers a simple 

measurement setup, it needs a second sensor as a reference for 

differential measurement that improves the accuracy. 

This paper presents a new sensing technique developed by 

directly connected branch line coupler (BLC) and Split Ring 

Resonators (SRRs). SRRs are located in empty space of BLC 

and are connected to series arms of BLC with two thin 

microstrip lines. In available sensors [1, 11, 27, 29] the 

electromagnetic fields are coupled through air, since TLs and 

sensing area are not directly connected. In contrast, the sensing 

area (SRRs) is directly connected to BLC in the proposed 

sensor. Therefore, the effect of fringing fields in available 

sensors is mitigated by the proposed technique. In addition, 

direct and coupled arms of BLC generate two outputs of the 

proposed sensor. The sensing function of this technique is based 

on shifting the transmission notch frequency in coupled arm of 

BLC due to glucose concentration on the SRRs. Transmission 

zeros (TZs) at coupled and direct arms of BLC sensor for the 

equal glucose level (GL) are at constant frequency differences. 

Another new feature of the proposed sensor is that the finger 

position can be adjusted according to TZ values at outputs. We 

have used a cover glass interface between the user’s finger and 

sensor. This novel technique prevents any electrical contact 

between the finger and the sensor. Furthermore, existing 

differential sensors [3, 11, 27, 26] requires two sensing parts, 

which results in large size of the transducer structure. In 

contrast, there is one sensing part in the proposed sensor. 

Therefore, it is implemented in smaller dimensions compared 

with available sensors. Moreover, the size of the prototype 

coupler is further reduced by adding capacitive and inductive 

elements on the empty space of BLC. Therefore, this 

miniaturization is achieved without changing the characteristic 

impedance of BLC. In summary, the following contributions 

are made to the proposed design. 

• It employs BLC along with SRRs. 

• Combining BLC and SRR reduces the fringing fields that 

provides higher sensitivity. 

• Positioning of the finger uses a cover glass, which avoids 

electrical contact with the sensor and finger. 

• The proposed design requires single sensing part, whereas 

existing sensors use two sensing parts. 

• The size is relatively smaller, and it can still be reduced by 

adding capacitive and inductive loads. 

• The design has two symmetric outputs. This could be used to 

balance the finger position. Therefore, the finger position 

drawback existing in available BGL sensors was eliminated.  

This paper is organized as follows. Transduction mechanism of 

the proposed BGL sensor is described in Section II with the 

detailed design of BLC, simulation results and sensitivity 

analysis. Equivalent circuit model is also included. Section III 

presents the experimental results with measurement setup. In 

this section sensitivity results based on experimental data and 

the effect of glass thickness are demonstrated. Temperature and 

finger pressure are also included.  Conclusion is provided in 

section IV.    

II. PROPOSED SENSOR CONFIGURATION 

The sensor configuration consists of BLC as the host 

transmission line and SRRs as the sensing area. Theory and 

design of BLC within sensing concept are explained in 

subsection A. The SRR implementation and sensitivity analysis 

are described in parts B and C, respectively. 

A. Theory and Design of BLCs 

The coupling mechanism of BLC consists of two 

𝜆𝑔 4⁄  microstrip line sections (branches), connected between a 

pair of microstrip transmission lines as illustrated in Fig. 1. The 

spacing between the branches and microstrip lines is equal to 

𝜆𝑔 4⁄  at desired frequency. The characteristic impedances of 

the series and parallel arms are 𝑍0𝑠 and 𝑍0𝑝, respectively. BLC 

features a highly symmetric topology since any port can be used 

as the input. The operation of BLC has been analyzed with 

even-odd mode decomposition technique [30-31]. Hence, 

assuming that all ports are matched, port 1 input power is evenly 

divided between ports 2 and 3 with 90o phase shifts between 

these outputs, whereas no power is coupled to port 4. 

 

Input 1 2  Direct 

3  CoupledIsolated 4

Z0s

Z0p

λg/4

λg/4

Z0

 
  

Fig. 1 The proposed BLC layout 

 

In the proposed sensor equal power division requires 𝑍𝑜𝑝 =

𝑍0 = 50Ω and  𝑍𝑜𝑠 = 𝑍0 √2⁄ = 34.5Ω. The width of the 

microstrip lines in series and parallel arms are determined with 

known characteristic impedances, on FR4 (ℎ =
1.6𝑚𝑚, 𝑡𝑎𝑛𝛿 = 0.018, 휀𝑟 = 4.3 ). The sensing area of the 

proposed sensor must connect to BLC symmetrically to ensure 

that the two outputs of BLC can be loaded symmetrically with 

SRRs. Implementing SRRs in the empty space of BLC could 

load the inductance and the capacitance effects on BLC, which 

leads to corresponding decrease in the operation frequency and 

hence the sensor size. The size reduction approach follows [32-

33]: 

𝑣𝑝 =
1

√𝐿𝐶
         𝜆𝑔 =

𝑣𝑝

𝑓
                                                                (1) 

where 𝑣𝑝 and 𝜆𝑔 represent the phase velocity and guided 

wavelength, respectively. By Increasing inductive and 

capacitive effects phase velocity and accordingly 𝜆𝑔 values are 

decreased. The unloaded BLC outputs are presented using the 

scattering parameters [31]: 

 

𝑆31 = −
𝑍0𝑠

𝑍0𝑝

     𝑆21 = −𝑗
𝑍0𝑠

𝑍0

                                                      (2) 
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TZs in (2) are used for BGL measurement and adjusting finger 

position. The TZs of two outputs must have identical values so 

that the correct position of finger could be found by observing 

two outputs simultaneously. This necessitates symmetrical 

design of the sensor as described in the following section. 

B. Design of BGL Sensor 

The CST Microwave Studio model of the proposed sensor with 

optimized dimensions is presented in Fig. 2(a). SRRs are 

located symmetrically in the empty space of BLC.  The 

orientation and size of SRRs are crucial for the sensor 

operation, since the electric field is localized in a small area of 

SRRs. The operation principle of the proposed sensor is based 

on TZ shifts due to permittivity variation of the loads. 

Therefore, SRRs must be oriented in the middle part of BLC in 

order to affect the coupled and direct arms of BLC. Based on 

(2), SRRs must be connected to the series arms (𝑍0𝑠) to 

simultaneously impact the coupled and direct outputs of the 

sensor. Consequently, the best position for contact points of 

SRRs are middle part and series arms of BLC. The sensing area 

with optimized dimensions is illustrated in Fig. 2(b). Its 

dimensions are optimized with respect to fingertip model [18-

19]. The inductive and capacitive effects of SRRs are loaded to 

BLC. According to (1), the proposed sensor inherently offer 

compact size in comparison with existing sensors. The cover 

glass on top of the SRRs is used to interface the finger of 

diabetes, or material under test, with the sensor. We simulate 

the BGL sensor operation by changing the dielectric 

permittivity of glass. The electromagnetic (EM) simulation 

results of the coupled arm BLC for different values of the glass 

permittivity on top of SRRs are reported in the next section. 

E

L

wt

a

b
s

c
d

g

 
 

                               (a)                                        (b) 
Fig. 2 (a) BLC sensor and (b) SRRs with optimized dimensions: 
a=12mm, b=8mm, c=0.5mm, d=0.5mm, g=0.2mm, wt=0.1mm, s=1mm, 
E=30mm, L=24.7 mm 

 

The operation principle of the proposed sensor is explained with 

simulation results of the SRRs with traces, BLC as well as the 

proposed sensor with and without SRRs. Fig. 3 (a) shows that 

the SRRs could transmit a signal with frequency of 3.01 GHz. 

The SRRs dimensions are determined such that the 

transmission frequency is within the ISM band and also the 

sensing area is close to the size of an adult human finger. 

Moreover, MUT loading effect is considered for ISM band 

operation. Fig. 3 (b) shows a BLC with operation frequency at 

1.465GHz. The BLC dimension is related to wavelength as 

shown in Fig. 1. The size of BLC must be large enough to 

accommodate the proposed SRRs. Therefore, it is expected that 

transmission frequency of SRRs would be a TZ for the 

proposed sensor.  This effect could be verified by simulation on 

the proposed sensor with and without SRRs. Fig. 3 (c) shows 

that TZ appears in the sensor coupled output on the 

transmission frequency of SRRs. This TZ changes according to 

the load on SRRs as will be shown in the next sections. 

 
                                                     

 
(c) 

Fig. 3 (a) Simulation result of SRRs with traces (b) BLC (c) Sensor with 
and without SRRs 

C. Sensitivity Analysis 

The simulation results of the EM model in CST for the proposed 

sensor are presented in Fig. 4. In Fig. 4, only the coupled arm 

output is shown but it should be noted that direct arm 𝑆21 and 

isolation 𝑆41 are also affected. The permittivity of cover glass 

𝜖𝑟   is varied from 1 to 10 with steps of 1 in this simulation. The 

TZ of  𝑆31 is changing according to  𝜖𝑟 variations. 

 

 

 

 

 

 

 

 
Fig. 4 Simulation results of 𝑆31 for loads with different permittivity 

 

We use the EM simulation results (Fig. 4), to find the theoretical 

sensitivity of the proposed sensor [27-28]. 

 

𝑆 =
𝜕𝑓𝑧

𝑓𝑜𝜕𝜖𝑟

× 100                                                                            (3) 

 

where 𝑓𝑧 denotes the TZ, 𝑓𝑜  is the TZ  of empty sensor, and 𝜖𝑟 

is the relative permittivity of the load. Based on the polynomial 

curve fitting model proposed in [34], the dependency of the TZ 

on the relative permittivity of the loaded sample can be 

obtained, using the data of Fig. 4, as follows 
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𝑓𝑧 = −16.69 × 10−5𝜖𝑟
3 + 42.64 × 10−4𝜖𝑟

2

− 70.92 × 10−3𝜖𝑟

+ 3.02                                           (4) 

Equation (4) is plotted in Fig. 5 (a). The sensitivity as a function 

of the relative permittivity of loaded sample is shown in Fig. 

5(b). The sensitivity is 2% for the lowest permittivity. The 

sensor shows a varying sensitivity over different values of 

permittivity [27]. This can be explained by considering the 

loading effect of dielectric samples on the total capacitance of 

SRRs, and that TZ are nonlinear function of SRR capacitances. 

In experimental process relative permittivity of MUT can be 

obtained using (4). 

 
(a) 

 
(b)  

Fig. 5 (a) Resonant frequency (b) Sensitivity as a function of loaded 

sample permittivity. 

 

The effects of two geometrical parameters on the sensitivity 

have been studied. Firstly the SRRs gap (g in Fig.2b) is 

investigated. Then the distance between the two SRRs (c in 

Fig.2b) is examined. Fig.6 (a) shows that the sensitivity 

decreases by increasing the width of gap for most of the 

permittivity values. However, in high permittivity values (𝜖𝑟 >
8), large gap shows higher sensitivity. According to Fig.6 (b), 

increasing the distance between the two resonators along with 

decreasing the resonator size leads to lower sensitivity. SRRs 

and BLC are connected with traces in Fig. 2 (a). Width of traces 

could change the TZ according to Fig.7. Increasing the traces 

width leads to decreasing the TZ, therefore it could be used for 

adjusting the TZ to desired operation frequency.  On the other 

hand, the length of the traces would change the SRRs size and 

so it must be fixed. The SRRs size is determined such that most 

of sensing area could be fit by human finger.  

 

 
(a) 

 
(b) 

Fig.6 (a) Sensitivity variations in term of gap width (b) distance between 
SRRs 
 
 
    
 
   

 
 
 
 
 
 

 Fig.7 Effect the width of trace on coupled signal. 
 

D. Equivalent Circuit Model 

Equivalent circuit models of the proposed sensor in Fig. 3 (a, c) 

are presented is Fig. 8 (a, b), respectively.  In Fig. 8 (a), Lm and 

Cm represents the equivalent circuit models of two microstrip 

lines which are connected the BLC to the SRRs. Lr and Cr are 

related to the SRRs. Cm and Lm can be easily find from (5) 

where c is the speed of light, 휀𝑒𝑓𝑓 is the effective permittivity 

of FR4 substrate. 𝑍0 is the characteristic impedance of the trace, 

and can be written as  

𝑍0 =
√휀𝑒𝑓𝑓

𝑐𝐶𝑚

         ,      𝑍0 = √
𝐿𝑚

𝐶𝑚

                                              (5) 

A notch frequency can be created at 𝑓𝑧 = 3.12 𝐺𝐻𝑧 as shown 

in Fig. 3 (a) by positioning the SRRs. Therefore, 𝐿𝑟 and 𝐶𝑟  

values can be found from Eqn.(6) by optimization.   

𝑓𝑧 =
1

2𝜋√𝐶𝑟𝐿𝑟

                                                                                (6) 

In the proposed sensor, BLC is modeled by four transmission 

lines as shown in Fig. 1, and their widths are determined for the 

targeted characteristic impedance. 

Lm

Cm

Lr

Cr

Lm

Cm

1 2

 
(a) 

(W , L)

(W
1

 , 
L

1
)

(W , L)

(W
1

 , L
1 )

1 2

34

Lm

Cm

Lr

Cr

Lm

Cm

Lm
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Lr
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(b)  
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(c) 

Fig. 8 The equivalent circuit model of (a) microstrip traces and SRRs (b) 
the proposed sensor (The circuit parameters are as follows: w=5.3mm, 
L=30mm, w1=3mm, L1= 24.7mm, Cr=2.75pF, Lr=1.07nH, Lm=0.5nH, 
Cm=1.0pF) (c) S parameter simulations for EM and circuit models. 
 

S parameter simulation regarding with the electromagnetics and 

the equivalent circuit models of the proposed sensor is 

presented in Fig. 8 (c). It should be noted that the notched 

frequencies of both models are very close to each other. The 

even and odd mode of the proposed sensor is explained in 

appendix [30]. 

III. EXPERIMENTAL RESULTS 

The sensor prototype is implemented on PCB, and 

characterized in the following measurement setup. Part A 

describes the sensitivity measurement results and part B 

discusses the effect of interface glass thickness on the sensor 

performance. Effects of temperature and finger pressure are 

illustrated in part C. 

A. Measurement setup and results  

In order to verify the sensor performance a prototype is 

implemented on FR4 as illustrated in Fig. 9. Cover glass with 

the size of 18×18× (0.13-0.17) mm3 lies on top of SRRs. The 

size of cover glass is larger than sensing area (SRRs), therefore 

it completely covers the surface of SRRs. The human blood 

contains glucose and other substances as well as water which is 

half of overall volume. Therefore, blood can be approximated 

by glucose/water solution in the development of non-invasive 

sensors [35-36]. Then, DI-glucose solutions were prepared in 

environmentally controlled chemistry laboratory at 25oC. The 

glucose was mixed with 100 ml DI-water. Five DI-Glucose in 

the range of 70-450 mg/dL were analyzed with BT1500 

chemistry analyzer.  The GL of prepared DI- glucose solutions 

and certified data provided by the hospital where the analysis 

was performed are compared in Table I. Relative errors in Table 

I indicates that samples with low GL were prepared with 

acceptable accuracy. Samples with high GL (300 and 450 

mgdL-1) appear to be less accurate. Fixed volume of 50µL of 

the DI-glucose solutions are applied using a micropipette on top 

of the cover glass.  

 

(a)                (b)                                                                             
Fig. 9. (a) The fabricated sensor measurement setup (b) The sensor 

with cover glass on it.  

Transmission coefficients of direct arm ( 𝑆21) and coupled arm 

( 𝑆31) are measured separately. Each DI-glucose solution 

measurement is repeated ten times to reduce the chances of 

experimental errors. The measurements carried out with vector 

network analyzer are repeated with different DI-glucose 

solution concentrations. The proposed sensor exhibits small 

cross sensitivity to environmental condition due to symmetrical 

loading of the two outputs [27, 37]. Fig. 10 shows the 

measurement results of coupled ( 𝑆31) arm caused by variation 

in glucose concentration. The variation in glucose level 

concentration leads to shifting the transmission zero frequency. 

Higher the glucose concentration is lower the dielectric 

permittivity of DI-glucose solution. Therefore, based on eqn. 

(4), it is expected that the transmission zero reduces when the 

glucose level increases. Similarly, this applies to the direct 

output of the sensor. Fig. 11 shows measurement results for the 

direct arm ( 𝑆21). Although the shift in TZ  ( 𝑆21) depends on 

the same glucose concentration variation, the frequency shift 

value is slightly different from the coupled arm. The measured 

TZs due to coupled and direct arm of the proposed sensor are 

listed in Table II. The differences in TZs of coupled and direct 

arms (Δf) are shown too. In low GL, Δf approaches a constant 

value (30 MHz), which is useful for detecting finger correct 

position on the sensor. This feature mitigates the possible errors 

caused by incorrect finger position. However, the difference in 

TZs is not constant for all GL. It can be explained by the fact 

that the equivalent capacitance and inductance caused by 

glucose load result in nonlinear effects on SRRs.  

 

Fig. 10 Coupled arm responses of BLC sensor. 

TABLE I  
COMPARISON OF THE GLUCOSE LEVEL (GL) 

SOLUTIONS 

GL(Prepared) 

𝑚𝑔𝑑𝐿−1 

GL(Hospital 
analyzer) 

𝑚𝑔𝑑𝐿−1 

Relative 
Error (%) 

70 

110 

200 
300 

450 

67 

107 

202 
280 

400 

4.2 

2.7 

1 
6.6 

11 

 

 
 

TABLE II 
MEASURED TZs of THE COUPLED AND THE DIRECT ARM OF THE 

PROPOSED SENSOR 

GL 

𝑚𝑔𝑑𝐿−1 

TZs ( 𝑆21) 

GHz 

TZs ( 𝑆31) 

GHz 

Δf 

MHz 

67 

107 
202 

280 

400 

2.305 

2.365 
2.425 

2.510 

2.530 
 

2.275  

2.335 
 2.395 

 2.455 

 2.515 
 

30 

30 
29 

55 

15 
 

GL= Glucose Level, Δf = TZ ( 𝑆31) - TZ ( 𝑆21) 
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Fig. 11 Direct arm responses of BLC sensor. 

The experimental data in Fig. 10 are used in Debye relaxation 

toward obtaining complex permittivity of the used samples. The 

complex and frequency dependent permittivity are already 

presented in [5, 38].   

 𝜖𝑟(𝜔, 𝜒) = 𝜖∞(𝜒) +
𝜖𝑠𝑡𝑎𝑡(𝜒)−𝜖∞(𝜒)

1+𝑗𝜔𝜏(𝜒)
                                       (7) 

where 𝜖∞(𝜒) and 𝜖𝑠𝑡𝑎𝑡(𝜒) denote the permittivity at high 

frequency and static permittivity at low frequency, respectively. 

𝜏(𝜒)  denotes the characteristic relaxation time of the medium. 

The permittivity in (7) and the glucose concentration 𝜒 is 

related via the following equation [5, 38] 

𝜖∞(𝜒) ≈ 5.38 + (30 × 10−3). 𝜒                                                (8)       

𝜖𝑠𝑡𝑎𝑡(𝜒) ≈ 80.68 − (0.207 × 10−3). 𝜒                                    (9) 

𝜏(𝜒) ≈ 9.68 + (0.23 × 10−3). 𝜒                                              (10) 

The three parameters for the available DI-glucose solutions are 

listed in Table III. Then, the complex relative permittivity is 

provided as 

∈𝑟=∈𝑟
′ − 𝑗 ∈𝑟

′′                                                                               (11) 

The loss tangent (𝑡𝑎𝑛𝛿), the ratio between the real and the 

imaginary parts of complex relative permittivity, is written as  

𝑡𝑎𝑛𝛿 =
∈𝑟

′′

∈𝑟
′                                                                                     (12)  

Shown in Fig.12(a) is the variation of the real part of the 

dielectric constant with respect to TZ. The loss tangent seems 

to be linearly increasing with respect to TZ as shown in 

Fig.12(b). A simple curve fitting might be used to express the 

relationship between the measured TZ (s( 𝑆31)) and the relative 

permittivity as follows 

 

𝑓𝑧 = −15.56 × 10−5𝜖𝑟
3 + 30.82 × 10−3𝜖𝑟

2 − 2.053𝜖𝑟

+ 48.41                                                        (13) 

Next, the sensitivity is determined using (3), 𝑓𝑜 = 3.072𝐺ℎ𝑧 for 

empty sensor, as shown in Fig. 12 (c). Examining Fig. 5 and 

Fig. 12 (c) reveals that the sensitivity follows, to some extent, 

similar trends. It shows around 1% variation within the relevant 

range of the dielectric permittivity. On the other hand, Q factors 

for the proposed sensor with and without cover glass as well as 

different values of GL are listed in Table IV. It can be seen that 

as the GL increases the Q factor decreases as reported in [10], 

[39]. This can be justified based on Fig. 12 (a, b).  When TZs 

increase, the GL increases which means that the loss tangent 

(dielectric loss) increases while permittivity decreases. ∆𝑄 

shows the percentage of Q with respect to DI-water. When 

compared with the results in [10], the Q-factor of the proposed 

sensor seems to be lower while ∆𝑄 is higher. This shows the 

potential of the proposed sensor. 

 

(a) 

 

(b)

 

(c)                                                                                                           
Fig. 12 The electrical properties of different DI-glucose solutions, (a) 

Loss tangent, (b) Dielectric Constant for various TZs. (c) Sensitivity as 
a function of measurement samples. 

TABLE III 
DEBYE COEFFICIENTS OF GLUCOSE CONCENTRATIONS  

GL 
𝑚𝑔𝑑𝐿−1 

𝜖∞ 𝜖𝑠𝑡𝑎𝑡 𝜏 (ps) 𝜖𝑟
′  𝜖𝑟

′′ 𝑓𝑧 (𝐺𝐻𝑧)                   

67 

107 
202 

280 

400 

7.3900    

8.5900   
11.4400   

13.7800   

17.3800 

80.6786   

80.6778   
80.6758   

80.6742   

80.6717 

9.6954    

9.7046    
9.7265    

9.7444    

9.7720 

73.2761   

72.0678   
69.1982   

66.8420   

63.2172 

11.2266   

10.7883   
10.1283    

9.5559    

8.8304 

2.275 

2.335 
2.395 

2.455 

2.515 
 

 

 

TABLE IV 
Q FACTORS OF THE PROPOSED SENSOR (BASED ON 

MEASUREMENT DATA) 

 Sensor Sensor 

with 

Glass 

Sensor 
with 

water 

GL  
(67) 

𝑚𝑔𝑑𝐿−1 

GL 
(202) 

𝑚𝑔𝑑𝐿−1 

GL 
(400) 

𝑚𝑔𝑑𝐿−1 

Q 11 9.6 8.5 8 7.4 6.7 

∆𝑄% - - - 5.9 13 21 
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For a microwave BGL sensor, the frequency detection 

resolution (FDR) follows the definition in [18]: 

𝐹𝐷𝑅 =
𝑓02 − 𝑓01

∆𝐶
                                                                         (14) 

𝑆 =
𝐹𝐷𝑅

𝑓0

%            𝑓0 =
𝑓01 + 𝑓02

2
                                           (15)  

where 𝑓01 and 𝑓02 are upper and lower frequencies in detection 

frequency domain, respectively. For comparison purposes, the 

normalized sensitivity S is obtained. The measurement results 

in Fig. 10 are used for FDR calculation. The results are then 

compared with similar sensors in Table VI. As can be seen from 

the table, the size of sensing area of the proposed sensor is equal 

to the size of the SRRs in Fig. 2 (b) (12×12=144mm2).  It is 

smaller than or comparable with those reported in [19] and [21] 

as well as other works. The sensitivity of proposed sensor is 

higher than those reported in [18-21], and is comparable with 

those reported in [4] and [28]. The sensitivity of the sensor 

reported in [6] is higher than the proposed sensor as this result 

is achieved in low GL. Moreover, the fabrication process is 

rather complicated in comparison to PCB in the proposed 

sensor. The sample under test volume required for the proposed 

sensor is less than those reported in [18] and [21], while it is 

larger than those reported in [4] and [6]. Integrated passive 

device technology on GaAs substrate is used for the last two 

reported sensors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Effect of thickness 

In practice, skin is the first biological layer on the BGL sensor. 

Hence, the skin thickness variations affect the sensor 

performance [18]. With the purpose of exploring this effect, we 

increase the number of interface cover glasses in the test setup 

in 4 steps. The measurement results are shown in Fig. 13(a). 

Corresponding TZs are located at 2.65GHz, 2.71GHz, 

2.755GHz, and 2.83GHz, which follow the changes in glass 

thicknesses. Interaction between the fringing fields of the SRRs 

with the loaded sample leads to shifts in TZs of the sensor. 

Fringing fields are located near to the SRRs. Therefore cross 

sensitivity to sample is related to the cover glass dimensions 

over the SRRs. In the proposed sensor, the cover glass 

completely covers the SRRs surface. However, the thickness of 

the sample under test could affect the sensitivity. If the sample 

is thick enough, the fringing fields are simply confined inside 

the sample volume and the cross sensitivity will be reduced. In 

order to find the minimum thickness that is enough for 

eliminating this effect, the simulation results for different 

values of thickness of cover glass are summarized in Fig 13(b). 

Accordingly, increasing the thickness reduces the effect of 

cover glass thickness. The TZ variation from Thickness (T) = 

8mm to T = 9mm is almost very small so that the measurement 

results are acceptable with sufficient accuracy. These results 

show that calibration procedure is necessary for BGL 

measurement.  

 
(a) 

 

 

 

 

 

 
 
 

(b) 
Fig. 13 Effect of glass thickness on sensor output, (a) measurement 
results (b) simulation results for T = 0.13, 0.52, 8, and 9 mm. 

 

In order to compare numerical sensitivity of the proposed 

sensor with that reported in [22], the simulations with different 

thickness values of Teflon (instead of cover glass) of the 

proposed sensor are carried out. The results are compared with 

those reported in [22] as the dimensions of the both designs are 

close to each other. The sensitivity can be written a function of 

thickness as follows 

𝑆 =  
∆𝑓

𝑓0∆ℎ
                                                                                 (16) 

  

where 𝑆 , ∆𝑓,𝑓0, ∆ℎ are the sensitivity, the frequency shift, the 

normalized frequency and the thickness change, respectively. 

The sensitivity of the sensor reported in [22] and the proposed 

sensor are 3.5 ×10-4 and 2.5 ×10-5, respectively. The sensitivity 

is much better than that of [22] as per the thickness of the 

sensor. 

C. Effect of temperature and pressure 

The effects of temperature on the TZs of the proposed sensor is 

investigated as well although all of the DI-water glucose 

solutions are prepared in environmentally controlled chemistry 

laboratory at 25oC. The measurement setup is shown in Fig. 14 

(a) where a heater and a digital thermometer near to the sensor 

TABLE VI 
COMPARISON OF THE PROPOSED SENSOR WITH OTHER BGL 

SENSORS 

Ref. GL 
(𝑚𝑔𝑑𝐿−1) 

FDR 

(
𝑀ℎ𝑧

𝑚𝑔𝑑𝐿−1
) 

𝑓0 (𝐺𝐻𝑧) S (%)  Sensing 
Area 

(𝜆0
2) 

S.V1 

µL 

[18] 

[19] 

[21] 

[6] 

[4] 

[28] 

Prop

osed  

0-1000 

105-500 

0-8000 

105-185 

0-500 

0-500 

67-400 

0.014 

0.24 

0.01 

9.787 

N.A 

N.A 

0.72 

3.43 (3.1-3.8) 

5.3775(5.36-

5.455)      
4.3(4-4.6) 

6.35 

9.2 

2.4824 

2.395(2.275-

2.5515) 

4.1×10-4 

4.5×10-3 

2.3×10-4 

1.5412 

1.67×10-2 

5×10-2 

3.0×10-2 

0.0045 

0.3871 

0.3214 

0.0030 

0.0016 

0.0012 

0.0092 

125 

N.A 

100 

2 

1 

N.A 

50 

1-Sample Volume 
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are used. Shown in Fig. 14 (b) is TZs variation of the direct arm 

with respect to temperature changes for DI-water.  

 

 
 

(a) 

 
(b) 

 
(c) 

Fig. 14 Measurement setup for (a) Temperature effect (b) TZs of coupled arm 
in terms of temperature (c) Coupled and Direct arm responses to finger 

pressure. 

 

Increasing the temperature causes an increase in the resonant 

frequency. The effect of finger pressures on the proposed sensor 

is also examined as shown in Fig. 14(c). It should be noted that 

TZs of the coupled arm, the direct arm as well as the magnitude 

of the signal in the direct arm decrease when the figure pressure 

increases.  

IV. CONCLUSIONS 

A new microstrip based sensor is proposed for non-invasive 

blood glucose level measurement. Branch Line Coupler is 

directly connected to Split Ring Resonator to establish a high 

sensitivity and compact size sensor. Cover glass on top of the 

sensing area prevents the direct contact of the MUT with the 

sensor. The size reduction is achieved by using the inductive 

and capacitive effects of SRRs. Transmission zero variations 

measured in response to different GL values. Measurement 

results show higher performance achieved by this sensor in 

comparison with existing solutions.  Symmetry of the output 

arms verify the potential of the sensor for eliminating the finger 

position drawback existing in available BGL sensors. The glass 

interface thickness investigations reveals the proposed sensor 

prospects for accurate BGL measurement. 

APPENDIX 

Even and Odd mode circuits for the proposed sensor at resonant 

frequency (𝑓 = 𝑓𝑧)  of SRRs are shown in Fig.15 (a, b) [30]. 

 

𝑆31, 𝑆21 =  
1

2
(𝑇𝑒 ∓ 𝑇𝑜) = 0                                                       (17) 
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Fig. 15 (a) Even mode (b) Odd mode of proposed sensor 

ACKNOWLEDGMENT 

The authors would like to thank Mr. Naser Bagheri of the 

chemistry lab for his help in preparation of DI-water glucose 

solutions.  

REFERENCES 

 
[1] M. Abdolrazzaghi, M. Daneshmand and A. K. Iyer, "Strongly Enhanced 

Sensitivity in Planar Microwave Sensors Based on Metamaterial Coupling," in 

IEEE Transactions on Microwave Theory and Techniques, vol.66, no. 4, pp. 
1843-1855,April 2018. 

[2] M. Schueler, C. Mandel, M. Puentes and R. Jakoby, "Metamaterial Inspired 
Microwave Sensors," in IEEE Microwave Magazine, vol. 13, no.2, pp.57-68, 

March-April 2012.   

[3] A. Pourghorban Saghati, J. S. Batra, J. Kameoka and K. Entesari, "A 
Metamaterial-Inspired Wideband Microwave Interferometry Sensor for 

Dielectric Spectroscopy of Liquid Chemicals," in IEEE Transactions on 

Microwave Theory and Techniques, vol. 65, no. 7, pp. 2558-2571, July 2017.  
[4] N.Y. Kim, R. Dhakal, K.K. Adhikari, E.S. Kim, C. Wang, 

"A reusable robust radio frequency biosensor using microwave resonator by 

integrated passive device technology for quantitative detection of glucose level, 
" Biosensors and Bioelectronics, Volume 67, 2015, Pages 687-693,  

[5] M. Hofmann, G. Fischer, R. Weigel, and D. Kissinger, “Microwave based 
noninvasive concentration measurements for biomedical applications,” IEEE 

Trans. Microw. Theory Techn., vol. 61, no.5, pp. 2195–2204, May 2013.                                                                                                         

[6] K. K. Adhikari and N. Y. Kim, “Ultrahigh-sensitivity mediator-free 
biosensor based on a microfabricated microwave resonator for the detection of 

micromolar glucose concentrations,” IEEE Trans. Microw. Theory Techn., vol. 

64, no. 1, pp. 319–327, Jan. 2016.   
[7] U. Schwerthoeffer, R. Weigel, and D. Kissinger, “A highly sensitive glucose 

biosensor based on a microstrip ring resonator,” in Proc. IEEE MTT-S Microw. 
Workshop Ser. RF Wireless Technol. Biomed. Healthcare Appl. (IMWS-BIO), 

Dec. 2013, pp. 1–3. 

[8] T. Yilmaz, R. Foster, and Y. Hao, “Towards accurate dielectric property 
retrieval of biological tissues for blood glucose monitoring,” IEEE Trans. 

Microw. Theory Techn., vol. 62, no. 12, pp. 3193–3204, Dec.2014. 
[9] G. Acevedo-Osorio, E. Reyes-Vera and H. Lobato-Morales, "Dual-Band 

Microstrip Resonant Sensor for Dielectric Measurement of Liquid Materials," 

in IEEE Sensors Journal, vol. 20, no. 22, pp. 13371-13378, 15 Nov.15, 2020, 
doi: 10.1109/JSEN.2020.3005185. 

[10] C. G. Juan, E. Bronchalo, B. Potelon, C. Quendo, E. Ávila-Navarro and J. 

M. Sabater-Navarro, "Concentration Measurement of Microliter-Volume 
Water–Glucose Solutions Using Q  Factor of Microwave Sensors," in IEEE 



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

Transactions on Instrumentation and Measurement, vol. 68, no. 7, pp. 2621-
2634, July 2019, doi: 10.1109/TIM.2018.2866743. 

[11] P. Vélez, J. Muñoz-Enano, K. Grenier, J. Mata-Contreras, D. Dubuc and 

F. Martín, "Split Ring Resonator-Based Microwave Fluidic Sensors for 
Electrolyte Concentration Measurements," in IEEE Sensors Journal, vol. 19, 

no. 7, pp. 2562-2569, 1 April1, 2019, doi: 10.1109/JSEN.2018.2890089. 
[12] H. Choi et al., "Design and In Vitro Interference Test of Microwave 

Noninvasive Blood Glucose Monitoring Sensor," in IEEE Transactions on 

Microwave Theory and Techniques, vol. 63, no. 10, pp.3016-3025, Oct. 2015. 
[13] H. Choi, S. Luzio, J. Beutler and A. Porch, "Microwave noninvasive bloo 

d glucose monitoring sensor: Human clinical trial results," 2017 IEEE MTT-S 
International Microwave Symposium (IMS), Honololu, HI, 2017, pp. 876-879.   

[14] E. Reyes-Vera, G. Acevedo-Osorio, M. Arias-Correa, and D. E. Senior, “A 

Submersible Printed Sensor Based on a Monopole-Coupled Split Ring 
Resonator for Permittivity Characterization,” Sensors, vol. 19, no. 8, p. 1936, 

Apr. 2019.                                                                                                                                                                                                                                                                       
[15] Omkar, W. Yu and S. Y. Huang, "T-Shaped Patterned Microstrip Line for 

Noninvasive Continuous Glucose Sensing," in IEEE Microwave and Wireless 

Components Letters, vol. 28, no. 10, pp. 942-944, Oct. 2018.   
[16] V. Turgul and I. Kale, "A novel pressure sensing circuit for non-invasive 

RF/microwave blood glucose sensors," 2016 16th Mediterranean Microwave 
Symposium (MMS), Abu Dhabi, 2016, pp. 1-4.                                                                                                                                                                                                                     

[17] V. Turgul and I. Kale, "Influence of fingerprints and finger positioning on 

accuracy of RF blood glucose measurement from fingertips," in Electronics 
Letters, vol. 53, no. 4, pp. 218-220, 16 2 2017.  

[18] V. Turgul and I. Kale, "Simulating the Effects of Skin Thickness and 
Fingerprints to Highlight Problems With Non-Invasive RF Blood Glucose 

Sensing From Fingertips," in IEEE Sensors Journal, vol. 17, no. 22, pp. 7553-

7560, 15 Nov.15, 2017.  
[19] Sina Kiani ; Pejman Rezaei ; Mahmood Karami ; R.A. Sadeghzadeh, " 

Band-stop filter sensor based on SIW cavity for the non-invasive measuring of 
blood glucose", IET Wireless Sensor Systems, 2019 | Volume: 9, Issue: 1 

[20] Juan, C.G., García, H., Ávila-Navarro, E. et al. "Feasibility study of 

portable microwave microstrip open-loop resonator for non-invasive blood 
glucose level sensing: proof of concept", Med Biol Eng Comput 57, 2389–2405 

(2019). https://doi.org/10.1007/s11517-019-02030-w 
[21] D. Mondal, N. K. Tiwari and M. J. Akhtar, "Microwave Assisted Non-

Invasive Microfluidic Biosensor for Monitoring Glucose Concentration," 2018 

IEEE SENSORS, New Delhi, 2018, pp. 1-4, doi: 
10.1109/ICSENS.2018.8589919.  

[22] M. S. Boybay and O. M. Ramahi, "Non-Destructive Thickness 

Measurement Using Quasi-Static Resonators," in IEEE Microwave and 
Wireless Components Letters, vol. 23, no. 4, pp. 217-219, April 2013, doi: 

10.1109/LMWC.2013.2249056. 

[23] S. A. Alotaibi, Y. Cui and M. M. Tentzeris, "CSRR Based Sensors for 
Relative Permittivity Measurement With Improved and Uniform Sensitivity 

Throughout [0.9–10.9] GHz Band," in IEEE Sensors Journal, vol. 20, no. 9, pp. 

4667-4678, 1 May1, 2020, doi: 10.1109/JSEN.2019.2951172. 
[24] C. Jang, J.-K. Park, H.-J. Lee, G.-H. Yun, and J.-G. Yook, “Temperature-

Corrected Fluidic Glucose Sensor Based on Microwave Resonator,” Sensors, 

vol. 18, no. 11, p. 3850, Nov. 2018  
[25] Amir Ebrahimi, James Scott, Kamran Ghorbani, "Microwave reflective 

biosensor for glucose level detection in aqueous solutions," Sensors and 

Actuators A: Physical, Volume 301, 2020, 111662, ISSN 0924-4247,      
[26] M. C. Jain, A. V. Nadaraja, B. M. Vizcaino, D. J. Roberts and M. H. 

Zarifi, "Differential Microwave Resonator Sensor Reveals Glucose-
Dependent Growth Profile of E. coli on Solid Agar," in IEEE Microwave and 

Wireless Components Letters, vol. 30, no. 5, pp. 531-534, May 2020, doi: 

10.1109/LMWC.2020.2980756.                                                                                                                                                                                                                             

[27] A. Ebrahimi, J. Scott and K. Ghorbani, "Differential Sensors Using 

Microstrip Lines Loaded With Two Split-Ring Resonators," in IEEE Sensors 
Journal, vol. 18, no. 14, pp. 5786-5793, 15 July15, 2018, doi: 

10.1109/JSEN.2018.2840691.   

[28] A. Ebrahimi, J. Scott and K. Ghorbani, "Ultrahigh-Sensitivity Microwave 
Sensor for Microfluidic Complex Permittivity Measurement," in IEEE 

Transactions on Microwave Theory and Techniques, vol. 67, no. 10, pp. 4269-
4277, Oct. 2019, doi: 10.1109/TMTT.2019.2932737.   

[29] M. Karami, P. Rezaei, S. Kiani and R. A. Sadeghzadeh, "Modified planar 

sensor for measuring dielectric constant of liquid materials," in Electronics 
Letters, vol. 53, no. 19, pp. 1300-1302, 14 9 2017, doi: 10.1049/el.2017.2481. 

[30] David M. Pozar, “Microwave Engineering,” 3rd ed. Wiley, 2005.                      
[31] Peter A. Rizzi, “Microwave Engineering: Passive Circuits,” Prentice- 

Hall, 1988.                                                                                                                                                       

[32] P. Mohammadi and M. Khobro "Miniaturized Wideband Branch-Line 
Hybrid Coupler with Capacitive Effect and Defected Ground Structure (DGS)" 

Indian Journal of Science and Technology, Vol 8(35), DOI: 
10.17485/ijst/2015/v8i35/72463, December 2015.   

[33] Jung SC, Negra R, Ghannouchi FM. S. Jung, R. Negra and F. M. 

Ghannouchi, "A Design Methodology for Miniaturized 3-dB Branch-Line 

Hybrid Couplers Using Distributed Capacitors Printed in the Inner Area," in 

IEEE Transactions on Microwave Theory and Techniques, vol. 56, no. 12, pp. 
2950-2953, Dec. 2008, doi: 10.1109/TMTT.2008.2007323.  

[34] M. S. Boybay and O. M. Ramahi, "Material Characterization Using 
Complementary Split-Ring Resonators," in IEEE Transactions on 

Instrumentation and Measurement, vol. 61, no. 11, pp. 3039-3046, Nov. 2012, 

doi: 10.1109/TIM.2012.2203450. 
[35] V. Turgul and I. Kale, "On the accuracy of complex permittivity model of 

glucose/water solutions for non-invasive microwave blood glucose sensing," 
2015 E-Health and Bioengineering Conference (EHB), Iasi, Romania, 2015, 

pp. 1-4, doi: 10.1109/EHB.2015.7391450. 

[36] A. Brady, C. McCabe and M. McCann, “Fundamentals of medical surgical 
nursing,” John Wiley & Sons, 2013. 

[37] L. Su, J. Mata-Contreras, P. Vélez and F. Martín, "Splitter/Combiner 
Microstrip Sections Loaded With Pairs of Complementary Split Ring 

Resonators (CSRRs): Modeling and Optimization for Differential Sensing 

Applications," in IEEE Transactions on Microwave Theory and Techniques, 
vol. 64, no. 12, pp. 4362-4370, Dec. 2016, doi: 10.1109/TMTT.2016.2623311. 

[38] M. Hofmann, F. Trenz, R. Weigel, G. Fischer, and D. Kissinger, “A 
microwave sensing system for aqueous concentration measurements based on 

a microwave reflectometer,” in IEEE MTT-S Int. Microw. Symp. Dig., 

Montreal, QC, Canada, Jun. 2012, pp. 1–3. 
[39] K. Saeed, A. C. Guyette, I. C. Hunter and R. D. Pollard, "Microstrip 

Resonator Technique for Measuring Dielectric Permittivity of Liquid Solvents 
and for Solution Sensing," 2007 IEEE/MTT-S International Microwave 

Symposium, Honolulu, HI, USA, 2007, pp. 1185-1188, doi: 

10.1109/MWSYM.2007.380342. 
 

 Pejman Mohammadi. was born in 1973 in Tehran, Iran. He 

received Ph.D. in Electrical Engineering 

from the Middle East Technical University 

Turkey. Since 2001, he has been with the 

Department of Electrical Engineering, 

Islamic Azad University of Urmia, Iran 

where he is currently Associate Professor. 

His research interests include microwave 

component SIW, microstrip antennas, small 

antennas for wireless communications, and reconfigurable 

structures.  

 

 Dr Ali Mohammadi, is a lecturer 

(Assistant Professor) at the Department of 

Electronics and Electrical Engineering, 

University of Bath, UK. His research 

interest encompass new piezoelectric and 

magnetic devices in 

Microelectromechanical Systems 

(MEMS) including micro-energy 

harvesting solutions. Dr Mohammadi received two MEMS 

Design Awards form Europractice in 2018 and 2020.   

 

Simsek Demir(S’91–M’98) received the 

B.Sc.,M.Sc., and Ph.D. degrees in electrical 

and electronics engineering from Middle 

East Technical University (METU), 

Ankara, Turkey, in 1991, 1993, and1998, 

respectively. From 1991 to 1998, he was a 

Research Assistant with METU. From 

1998 to 1999, he contributed to the 

atmospheric radar antenna design with IRCTR,TU-Delft, The 

Netherlands. Since 2000, he has been a Professor with the 

Electrical and Electronics Engineering Department, METU. 



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

His current research interests include microwave and 

millimeter-wave active and passive components, and system 

design, analysis, and modeling. His research topics include the 

exploitation of RF MEMS technology toward industrial use, 

power amplifier design, modeling and implementation, and 

radar applications. Dr. Demir was a recipient of several awards 

including NATO A2 Fellow-ship, which supported him as a 

Visiting Researcher with the University of Massachusetts, 

Amherst, in 1995. 

Ali Kara received Ph.D. degree from 

Hacettepe University in 2002. He was 

with Polytechnic University (ECE), 

Brooklyn, from 1999 to 2000, where he 

conducted theoretical and experimental 

research. He joined the Department of 

Electrical and Electronics Engineering, 

Atilim University, in 2000. He has 

published extensively in 

Electromagnetics, Antennas and Propagation as well as Virtual 

and Remote Laboratories (VRL) in Engineering Education. He 

has four patents, and has led several national and international 

projects in his research interest.     


