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Abstract: For wavelength interrogation based surface plasmon resonance (SPR) sensors, refractive 
index (RI) resolution is an important parameter to evaluate the performance of the system. In this 
paper, we explore the influence of spectral power distribution on the refractive index (RI) resolution 
of the SPR system by simulating the reflectivity curve corresponding to different incident angles of 
the classical Kretschmann structure and several different spectral power distribution curves. A 
wavelength interrogation based SPR system is built, and commercial micro-spectrometers (USB2000 
and USB4000) are used as the detection components, respectively. The RI resolutions of the SPR 
system in these two cases are measured, respectively. Both theoretical and experimental results show 
that the spectral power distribution has a significant effect on the RI resolution of the SPR system. 
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1. Introduction 

Surface plasmon resonance (SPR) is the resonant 

oscillation of conduction electrons at the interface 

between the noble metal and dielectric stimulated by 

the incident light [1]. Noble metals have negative 

permittivities such as gold and silver, and dielectric 

materials such as liquids, gases, or solid are used [2]. 

Because of the rapid enhancement of 

electromagnetic fields near the metal structure, SPR 

based optical sensors are exceedingly sensitive to 

small changes in the refractive index (RI) of the 

metal interface and have the capability of label-free 

real-time sensing [2]. 

In recent years, SPR sensors have been widely 

used in many fields, such as drug selection [3], 

clinical diagnosis [4], food detection [5], and 

environmental monitoring [6], which have become a 

standard biophysical tool [7]. According to different 

detection methods, SPR sensors can be divided into 

four types: wavelength interrogation, angle 

interrogation, intensity interrogation, and phase 

interrogation. Among them, wavelength 

interrogation based SPR sensors have great 

advantages over the other interrogation methods of 

SPR sensors, such as miniaturization, SPR imaging 

technology [8], multi-channel [9], and multi 

parameter measurement. However, wavelength 

interrogation based SPR sensors, also called spectral 

SPR sensors, use spectrometers as detectors, which 
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largely limits their RI resolution. It is an important 

issue to improve the RI resolution of spectral SPR 

sensors. The RI resolution of sensors has the 

minimum change in the parameter to be determined 

which can be resolved by a sensing device [10]. For 

spectral SPR sensors, the RI resolution can be 

expressed as dividing the measurement accuracy of 

the resonance wavelength by the RI sensitivity of 

the sensors. 

The measurement accuracy is defined as the 

standard deviation of multiple measurements, which 

is limited by the widths and the signal to noise ratio 

of the SPR measurement curve [11]. When the width 

of the SPR measurement curve increases, the 

uncertainty of measurement accuracy increases. 

Similarly, the measurement accuracy will decrease 

as the signal to noise ratio of the SPR measurement 

curve decreases. However, these two factors are 

directly affected by the spectral power distribution. 

The spectral power distribution here refers to the 

spectral power distribution of the system, which is 

related to the light source, the components of the 

system, and the response of the charge coupled 

device (CCD). On the one hand, the SPR 

measurement curve is also affected by the spectral 

power distribution and reflectivity of the SPR sensor. 

Once the parameters of the SPR sensor are 

determined (using the same SPR sensor), the width 

of the SPR measurement curve is only related to the 

spectral power distribution. On the other hand, the 

wavelength interrogation SPR system uses the 

spectrometer as the detection component. The 

stronger the spectral power distribution is, the higher 

the signal-to-noise ratio of the SPR measurement 

curve will be. For the RI sensitivity of the sensors,  

J. Homola [12] studied it in detail. The RI sensitivity 

is defined as the ratio of the change in the resonance 

wavelength to the change in the refractive index 

when the refractive index of the sample is changed 

slightly. Generally, the RI sensitivity increases with 

an increase in the resonant wavelength. However, 

the difference of spectral power distribution will 

lead to the different displacements of the resonance 

wavelength and then affect the RI sensitivity. 

Therefore, the RI resolution of the SPR system is 

mainly affected by the spectral power distribution 

and is different when operating at different resonant 

wavelengths. Furthermore, for different spectral 

power distributions, the optimal resonant 

wavelength (the optimal RI resolution) of the SPR 

system will also change. 

The paper is organized as follows: the design of 

the study, the setting, the type of materials involved, 

a clear description of all interventions and 

comparisons, and the type of analysis used are given 

in Section 2. The noisy spectra of SPR affected by 

different spectral power distributions are given in 

Section 3. The measurement accuracy and RI 

sensitivity on the resonance wavelength of different 

spectral power distributions are studied and the 

optimal resonant wavelength are presented in 

Section 4. In Section 5, comparative experiments on 

USB2000 (Ocean Optics) spectrometer and 

USB4000 (Ocean Optics) spectrometer are 

presented. In the last of this paper, the results, 

discussion, and conclusions are given. 

2. Methods 

In this paper, the influence of the spectral power 

distribution on the measurement accuracy and RI 

sensitivity of the SPR system is investigated by the 

simulation model, and the influence of spectral 

power distribution on the resolution of RI is 

analyzed. The attenuated total reflection (ATR) 

method together with the Kretschmann 

configuration [13] is often used in SPR 

measurements. As for SPR sensor based on the 

prism, the configuration includes a high RI dielectric 

(coupled prism K9), a chrome layer with the 10 nm 

thickness, and a gold layer with the 40 nm thickness. 

As shown in Fig. 1, a light beam from the halogen 

lamp passes through the coupling prism. If the 

resonance condition is satisfied, when the 

evanescent wave vector matches the surface plasma 
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wave vector exactly, the SPR spectrum demonstrates 

a dip locating at the resonance wavelength. When 

the refractive index of the object is changed, the 

condition of surface plasmon resonance is changed, 

and the resonant wavelength is red or blue shifted. 

Furthermore, the SPR system based on USB2000 

(Ocean Optics) and USB4000 (Ocean Optics) is 

built, and the relationship between the RI resolution 

and the wavelength under the influence of different 

spectral power distributions is obtained to verify the 

theory. The CCD (such as Sony ILX511B and 

Toshiba TCD1304AP) is used as the detection 

element in the micro spectrometer, and their 

response in the 600 nm ‒ 900 nm band decreases. So, 

the spectral power distribution detected on the 

spectrometer shows a downward trend in this band. 

 
Fig. 1 SPR sensor based on the Kretschmann configuration. 

The actual measured spectrum always contains 
noise. The noise mainly affects the measurement 

accuracy. The largest source of noise for the SPR 
sensor system is typically detector noise [15]. The 
noise from the spectrometer mainly can be divided 

into three major categories, namely readout noise, 
dark noise, and photoelectron noise. Because three 
types of noise are independent from each other, the 

total noise can be expressed as 
2 2 2
R D PN N N N            (1) 

where N is the total noise of the spectrometer, RN  
is the readout noise which is related to the electronic 

circuitry used to read the signal from CCD, DN  is 

the dark noise that depends on the accumulation of 

dark electron and is determined by the integration 

time and temperature, and PN  is the photoelectron 

noise which relies on the intensity of the spectrum 

and obeys Poisson statistics. 

The SPR measurement curve is the product of 

the spectral power distribution and system 

reflectance. Considering the noise, the SPR 

measurement curves could be obtained as follows: 

PS SPD R N   .           (2) 

In addition, in terms of resonance wavelength 

calculation, we adopt the qualitative method. And 

the RI resolution curve corresponding to the 

USB2000 spectrometer and the USB4000 

spectrometer is obtained by polynomial fitting. 

3. Modeling 

An N-layer structure was presented in [14] 

where kn  is the complex value of the RI and k is 

the permittivity of the kth layer with a thickness kd . 

The characteristic matrix of the N-layer structure can 

be expressed as 
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1 1( sin )k k kq n    . The reflection coefficient 

pr  of the P-polarized (TM-polarized) incident wave 

can be expressed as 
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and therefore, the reflectance is 
2

=p pR r . 

The typical SPR reflectivity curves at different 

incident angles are shown in Fig. 2. As the incident 

angle decreases, the SPR reflectivity curve shifts to 

a longer wavelength. The incidence angles are 48.5°, 

48°, 47.5°, 47°, 46.6°, 46.1°, 45.5°, 44.8°, 44°, and 

43.1°, respectively. 

In order to explore the influence of the spectral 

power distribution on the RI resolution, three 

different spectral power distributions are simulated, 

as shown in Fig. 3. 
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Fig. 2 Typical SPR reflectivity curves at different incident angles (the reflectivity curves from left to right correspond to incident 

angles θ1, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θ9, and θ10, respectively). 
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Fig. 3 Three different spectral power distributions are simulated (solid line represents SPD3, short dash line represents SPD2, and 

dash dot line represents SPD1). 

Using the appeal formula and simulation results, 

the SPR measurement curves affected by three 

different spectral power distributions are shown in 

Fig. 4 to Fig. 6. 

ln
te

ns
it

y 
(c

ou
nt

s)
 

0

Wavelength (nm) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

5000

10000

15000

20000

25000

30000

500 600 700 800 900

 
Fig. 4 SPR measurement curves affected by SPD1 (the reflectivity curves from left to right correspond to incident angles θ1, θ2, θ3, 

θ4, θ5, θ6, θ7, θ8, θ9, and θ10, respectively). 
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Fig. 5 SPR measurement curves affected by SPD2 (the reflectivity curves from left to right correspond to incident angles θ1, θ2, θ3, 

θ4, θ5, θ6, θ7, θ8, θ9, and θ10, respectively). 
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Fig. 6 SPR measurement curves affected by SPD3 (the reflectivity curves from left to right correspond to incident angles θ1, θ2, θ3, 
θ4, θ5, θ6, θ7, θ8, θ9, and θ10, respectively).

4. Simulation 

4.1 Measurement accuracy 

As mentioned in Section 1, the RI resolution is 

closely related to the measurement accuracy. The 

spectral width and noise of SPR will affect the 

measurement accuracy. When the SPR curve 

becomes wider or the noise level of the curve is 

larger, it is more difficult to measure the resonant 

wavelength precisely, thus reducing the 

measurement accuracy. However, the spectral power 

distribution mainly determines the width and noise 

level of the SPR curve. It can be seen from Fig. 4 to 

Fig. 6 that even with the same refractive index, the 

difference of the spectral power distribution forms 

different widths and noise levels of the SPR 

measurement curves. 

To demonstrate this effect, we utilize the 

simulated SPR measurement curves affected by 

three different spectral power distributions which 

have been built in Section 3. The 1000 times SPR 

measurement curves are simulated, and the 

resonance wavelengths of each incident angle are 

calculated. By calculating the standard deviation of 

each resonance wavelength, the measurement 
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accuracy of the resonant wavelength at each  

incident angle can be obtained. The    

measurement accuracy curves can be obtained by 

using three-order polynomial fitting, as shown in  

Fig. 7. 
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Fig. 7 Fitted curves for the measurement accuracy of the 

resonant wavelength. 
 As can be seen from Fig. 7, the standard 

deviations increase monotonically with the resonant 

wavelength, which means that the measurement 

accuracy decreases gradually. This is mainly 

because the width of the SPR curve increases as the 

resonant wavelength increases. Moreover, 

comparing the three fitting curves, we can find that 

the measurement accuracy of the same resonance 

wavelength is different due to the difference of the 

spectral power distribution. In the range between 

500nm and 700 nm, the measurement accuracy of 

SPD3 is much better than that of others (the low and 

the better), because the corresponding SPR curve 

has the higher signal to noise ratio. Similarly, the 

measurement accuracy of SPD1 is higher than that 

of the other two in the range after 700 nm between 

700 nm and 900nm. 

4.2 RI sensitivity 

A slight change in the refractive index of the 

analyte will cause an offset of the SPR resonant 

wavelength. The RI sensitivity of the SPR sensor 

can be defined as the ratio of the change in the 

resonance wavelength to the change in the refractive 

index of the analyte, when the refractive index of the 

analyte changes slightly. In order to obtain the RI 

sensitivity curves, the refractive index of the analyte 

increases from 1 to 1.000001, and the resonance 

wavelength of each incident angle is calculated. 

Thus, the RI sensitivity of the resonance wavelength 

corresponding to each angle is obtained. Finally, the 

three-order polynomial is used to obtain the RI 

sensitivity curves, which represent the RI 

sensitivities corresponding to the resonant 

wavelength, as shown in Fig. 8. With an increase in 

the resonance wavelength, the RI sensitivity will 

increase accordingly. For the same resonance 

wavelength, the larger the slope of the spectral 

power distribution is, the greater the RI resolution 

will be. 
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Fig. 8 Fitted curves for the RI sensitivity of the resonant 

wavelength . 

4.3 RI Resolution 

The RI resolution can be defined as the 

minimum refractive index change of an analyte  

that can be detected. According to the definition   

of Homola, the RI resolution can be represented   

as 

n

n
S

 
              

(5) 

where n  is the RI resolution of the sensors,   
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is the standard deviation of the resonant wavelength, 

and nS  represents the RI sensitivity of the sensors. 

Previously, we have obtained the measurement 

accuracy and RI sensitivity of the SPR      

system affected by three different spectral    

power distributions. By using (5), the RI  

resolution curves can be obtained, as shown in Fig. 9. 

We find the lowest point of each curve, which 

represents the best RI resolution and the 

corresponding resonance wavelength in this 

situation. 
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Fig. 9 Fitted curves for the RI resolution of the resonant 

wavelength. 

It can be seen that the RI resolution of the SPD1 

shows a downward trend in the full-wave band, 

which shows that the RI resolution will be better 

with an increase in the resonance wavelength.  

When the resonance wavelength is 786.11 nm, the 

RI resolution of SPD2 is the best, whose      

value is 62.83 10 . Similarly, the best    

resonance wavelength corresponding to SPD3 is 

730.2 nm, and the resolution of the SPR system  

can be achieved as 62.61 10 . Compared with 

operating at other resonant wavelengths, the RI 

resolution increases. The experimental results  

show that even with the same measurement   

system, spectral power distribution will affect    

the RI resolution of SPR system and the position  

of the optimal resonant wavelength of the    

system. 

5. Comparative experiments based on 
the self-designed wavelength SPR 
system 

A self-designed wavelength SPR system with an 

adjustable incident angle is built, and its structure is 

shown in Fig. 10. A tungsten halogen lamp (A) is 

used as a light source. The light is then collimated 

by an optical fiber collimator (B,  5 mm, 

SMA905). After being polarized by the polarizer  

(C,   25.4, extinction ratio 500 : 1), the light is 

incident to the surface of the SPR module (D). The 

SPR module is in the Kretschmann geometry: a 

right-angle prism (K9) coated with 10 nm thick 

chromium film on the sensor surface and 40 nm 

thick gold film on the surface of the chromium film. 

After the SPR phenomenon occurs on the surface of 

the gold film, the reflected light enters the fiber 

collimator (E,  5 mm, SMA905). Finally, it is 

received by a CCD-based spectrometer (F, G). The 

spectrometers we select are USB2000 spectrometer 

(F, Ocean Optics) and USB4000 spectrometer 

(Ocean Optics). The USB2000 spectrometer is based 

on the Sony ILX511B linear CCD chip which 

contains 2048 pixels, and the USB4000 

spectrometer is based on the Toshiba TCD1304AP 

linear CCD chip which contains 3648 pixels. Both 

of them are equipped with a 25 μm entrance slit, and 

the groove spacing is 1.667 μm/line. The spectra of 

the tungsten halogen lamp collected by USB2000 

spectrometer and USB4000 spectrometer are shown 

in Fig. 11. The SPR measurement curves with 

multiple different incident angles are shown below. 

 
Fig. 10 A self-designed wavelength SPR system with an 

adjustable incident angle. 
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Fig. 11 Spectral power distributions collected by USB2000 

spectrometer and USB4000 spectrometer. 
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Fig. 12 SPR measurement curves acquired by USB2000 

spectrometer (the reflectivity curves from left to right 
correspond to incident angles θ1, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θ9, and 
θ10,respectively).
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Fig. 13 SPR measurement curves acquired by USB4000 

spectrometer (the reflectivity curves from left to right 
correspond to incident angles θ1, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θ9, and 
θ10, respectively). 

By changing the incident angle, from 1  to 10 , 

the resonance wavelength changes, and the SPR 

measurement curves acquired through USB2000 

spectrometer and USB4000 spectrometer are shown 

in Figs. 12 and 13, respectively. To ensure the 

stability of the experimental environment, the 

maximum measurement value of the tungsten 

halogen lamp spectrum is approximately kept at 

50000 counts in the whole process. 
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Fig. 14 RI resolution curves corresponding to USB2000 

spectrometer and USB4000 spectrometer. 

We measure it for 1000 times and calculate the 

standard deviation of each resonance wavelength. 

The measurement accuracy of the resonant 

wavelength at each incident angle can be obtained. 

The refractive index of the analyte changes slightly 

several times, and the changes in the resonance 

wavelength are recorded. By linear fitting, the RI 

sensitivity of each incident angle can be calculated. 

Then, the RI resolution of the resonant wavelength 

corresponding to the incident angles is obtained. By 

three-order polynomial fitting, the RI resolution 

curves corresponding to USB2000 spectrometer and 

USB4000 spectrometer are shown in Fig. 14, which 

shows that the RI resolutions of these two situations 

are different and the optimal resonance wavelengths 

of USB2000 spectrometer and USB4000 

spectrometer for this SPR system are 747.25 nm and 

714.86 nm, respectively. 
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6. Results 

We have explored the effect of the spectral 

power distribution on the RI resolution. The RI 

resolution is different when the spectral power 

distribution of the system is different. It can be seen 

from Fig. 14 that the RI resolution of USB2000 

spectrometer is better than that of USB4000  

spectrometer. The best RI resolution of USB4000 

spectrometer is 61.97 10  when the resonance 

wavelength is 714.86 nm, and the best RI resolution 

of USB2000 spectrometer is 61.85 10  when the 

resonance wavelength is 747.25 nm. This is because 

the spectral power distribution of the USB2000 

spectrometer is much flatter than that of USB4000 

spectrometer and has a higher spectral response. 

And in the range of decrease, it is similar with the 

situations of SPD2 and SPD3 in Section 4. The main 

reason for this phenomenon is that the two 

spectrometers use different CCDs. From 1000 

experiments and the error theory, it can be known 

that the confidence interval of the optimum 

resonance wavelength of USB2000 spectrometer is 

746.08 nm ‒ 748.41 nm, and the optimum resonance 

wavelength of USB4000 spectrometer is 713.74 nm 

‒ 715.98 nm. It is due to the difference of the 

spectral power distribution that the RI resolution is 

different. It is suitable for improving the RI 

resolution of a wavelength interrogation SPR system 

based on a micro spectrometer. It is important to 

note that the replacement of any component in the 

system may cause the inaccuracy of the experiment, 

so it is necessary to remeasure the system when 

replacing any of the components. 

7. Discussion 

The agreement between the experiment and the 

theory also proves that for the wavelength 

interrogation SPR system, the spectral power 

distribution of the system has a significant influence 

on the RI resolution of the system. It provides a 

reference value for the precise measurement of the 

wavelength interrogation SPR system. However, this 

method does not apply to the phase, angle, and 

intensity interrogation SPR systems. Moreover,  

the optimum resonant wavelength positions of 

different wavelength modulation systems are 

different. 

8. Conclusions 

In conclusion, we have explored the effect of the 

spectral power distribution on the RI resolution. We 

simulate the SPR measurement curves (same 

reflectivity curves) affected by three different 

spectral power distributions, calculate the 

measurement accuracy and RI sensitivity of each 

resonance wavelength, and then obtain the RI 

resolution curves. According to the simulated results 

and our analysis, the spectral power distribution 

affects the measurement accuracy and RI sensitivity 

of the SPR system and then affects its RI resolution. 

The agreement between the experiment and the 

theory also proves that for the wavelength 

interrogation SPR system, the spectral power 

distribution of the system has a significant influence 

on the RI resolution of the system. And on the whole, 

the spectral energy distribution is flatter, and the RI 

resolution is higher. When we use different 

spectrometers as detectors, we can first measure the 

RI resolution and the optimal resonant wavelength. 

Then the experiment can be set up with this 

condition. In this way, we can get more     

accurate results. This paper mainly proposes      

a method to improve the resolution of the 

wavelength modulation SPR system. The method 

provides a reference value for the precise 

measurement of the wavelength interrogation SPR 

system. 
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